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Abstract 
High Intensity Focused Ultrasound (HIFU) has been applied as an acceptable therapeutic 
technique and various. HIFU systems have achieved clinical approyal for general use in 
numerous· countries. To ensure that an HIFU system is used in a safe and reliable 
application, its acoustic field needs to be characterized accurately. However, the traditional 
methods mostly are based on hydrophones, these sensors are found short of sufficient 
temporal and ·spatial resolutions, especially, they can only tolerate small acoustic 
pressures . 
. This work is concerned with the feasibility of optical interferometry in measuring focused 
acoustic fields and in predicting HIFU fields. Through the theoretical deduction, the 
piezo-optical interactions in different fields are checked, then, focused fields are measured 
with a Laser Doppler Velocimeter (LDV) and hydrophones in different regions and at 
different drive levels. These experimental results confirm that interferometry is adequate 
to be used in detecting acoustic fields around focused regions when acoustic waves 
propagate linearly. Moreover, based on the results acquired in the near field of a HIFU 
transducer, the acoustic pressures around the focal region are predicted accurately. In 
addition, the LDV is applied successfully to mapping virtual images of acoustic fields, and 
reconstructing focused acoustic fields with the aid of light refractive tomography. 
So, it is concluded that the novel application of LDV for focused field measurement 
presents a significant development, this work would be helpful for improving HIFU 
measurement methods and transducer manufacture. To make the optical technique more 
accurate in detecting acoustic pressures with high intensity, further theoretical analyses for 
the piezo-optical effect and the improvement for numerical algorithms are suggested for 
the future work. 
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Chapter 1 
Introduction 
This thesis is concerned with the development of the theory and application of optical 
interferometry for the measurement and prediction of focused acoustic fields, especially 
with high intensities. The motivation for the research comes from the increasing use of 
ultrasonic therapy devices, particular the system using the High Intensity Focused 
Ultrasound (HIFU) technique, and the limitations in measuring and quantifying the fields 
generated by these devices. 
In this chapter, the historical developm~nt of ultrasound therapy is briefly reviewed, from 
the discussion about the mechanism to the clinical practice of HIFU, the problems to be 
solved are brought forward and the importance of researching reliable measurement 
methods is emphasised. 
In the following chapters, related literatures are reviewed in Chapter 2, which focuses on 
the existing meaSurement methods and classical theories· for focused ultrasonic fields and 
nonlinear propagation. Then, the ·feasibility of an optical technique is analysed in theory 
through consideration of the piezo-optical interaction in a· focused acoustic field in 
Chapter 3. The strategy of developing optical interferometry to measure HIFU fields is 
planned, corresponding experiment facilities and devices are described in detail in 
Chapter 4. Following these theoretical and experimental preparations, measurement 
results are shown in Chapter 5 and predictions are carried out in Chapter 6, these results 
from direct measurements and predictions demonstrate the merits and limitations of 
optical interferometry for the measurement of HIFU fields. In the final two chapters, the 
conclusions are drawn out from present research and future work required to develop the 
optical technique is discussed. 
1.1 Historical development of therapy ultrasound 
Ultrasound therapy has a long history and the pioneering work can be dated back to 1917 
when Langevin observed the death of fish during the development of sonar [I]. Lynn can 
be named as the pioneer of focused ultrasound therapy as he tested high-power, focused 
ultrasound by localising damage [2]. In the 1940s and 1950s, scientists in different 
countries developed focused ultrasound for in vivo application to the central nervous 
system, and in 1956, Fry and his co-workers began their clinical trials [3]. 
However, it took a long time to develop the ultrasound therapy as a practical surgical tool. 
One of the technical limitations was the lack of real-time imaging methods for monitoring 
the effects of treatments. In a HIFU system, the focusing transducer adopted will radiate 
acoustic energy, which is sufficiently low near its surface and along the propagation path, 
so that the intervening tissue of a patient will be kept unharmed. However, in the focal 
volume, the acoustic intensity becomes extremely high and some acoustic energy will 
convert into heat which will increase the temperature of the target tissue rapidly. For safe 
and effective treatment, the effect of this heating needs to be monitored and evaluated in 
reaI-time. 
, 
Benefiting from the use of the B-mode ultrasound image"guidance, in the, past decade, 
HIFU technique has been used for tissue ablation in the treatment of cancers [4]. Recently, 
more sensitive ultrasound-based techniques are under development and MRI methods are 
also employed for targeting and monitoring treatments [5-7]. Combined with these 
modem medical imaging systems, HIFU technique can 'now offer very precise 'trackless 
ablation' of tumours, with a "minimally invasive" nature. These characteristics make the 
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HIFU technique very attractive and the reason for the increasing interest in its clinical 
use. 
However, it has been realised that before the HIFU technique can be safely implemented 
in clinics as a reliable method, there are still many challenges which need to be overcome. 
One of these challenges is to obtain a thorough understanding of the physical mechanisms 
at work. 
1.2 Physical mechanisms 
The fundamental mechanism of HIFU technique is to heat tissues. As' ultrasound 
propagates in medium, some acoustic energy will be absorbed. through relaxation and a 
thermoviscous process and converted into heat [8]. At high intensity level, acoustic waves 
can propagate nonlinearly and acoustic energy will be shifted to higher frequencies, 
particularly around the focal region of a transducer where the intensity is at a maximum. 
, 
This will result in enhanced focal heating. The heating rate is nonlinearly proportional to 
the HIFU intensity and in the case of strong nonlinearity, ultrasound can be absorbed 
before it reaches the focus [9-12]. 
However, ultrasound absorption is not the sole physical mechanism of successful HIFU 
operation. In many HIFU treatments, cavitation (bubble activity) happens [13] due to the 
negative pressures of acoustic waves. Bubbles are strong scatterers of ultrasound, causing 
more energy to be absorbed in the pre-focal region [14]. It has been observed that a 
dramatic increase in heating occurs with the appearance of bubbles [15], and scattering 
from bubbles will cause tissue lesions to grow toward the transducer with an 
unpredictable distribution. 
Though it is undesirable, bubbles appear unavoidable 'in many treatments and many even: 
dominate the therapy. Unlike the classical assumption, the HIFU effect is now understood 
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to be a joint contribution of absorption, non-linear propagation and cavitation, with 
scatt~ring from bubbles being a significant mechanism of tissue heating [16]. However, 
important physical issues of nonlinear ultrasound-tissue interaction ilt this very high 
acoustic level remain poorly understood .. 
1.3 Clinical practice of HIFU 
Although much fundamental research is still required, due td the obvious advantages, high 
intensity therapeutic ultrasound has already been used in clinics around the world and 
thousands of patients have been treated for cancerous tumours in bone and soft tissue [17]. 
Now, H1FU treatments have been expanded to the treatment of liver, kidney and breast 
cancer [18-20]. In the United States, HIFU has been used t'}.reduce intraocular pressure 
produced by glaucoma since 1985 [21]. 
Tum<?urs are usually several cubic centimetres in volume and so to ablate the whole 
tumour without damaging the surrounding healthy tissue, it is necessary to raster scan the 
focused acoustic beam (with a diameter about I mm) such that necrotic lines are formed 
through the tumour along the axis of the acoustic field. To achieve a perfect operation, the 
transducer should be driven with the correct power and the scan should be set to a suitable 
. speed. These measures will ensure that the target tissue is ablated with the expected dose 
of acoustic energy. Above all, with an optimized treatment scheme, the complication 
. caused by bubble scattering can be reduced significantly, so that less damage will occur to 
the healthy tissue. 
However, all these schemes cannot be implemented without accurate measurements of the 
H1FU fields and good understanding of the physical mechanisms involved. At present, 
during a H1FU treatment, the effect is assessed through real-time ultrasound imaging. 
feedback, relying on the ability to react to the ultrasound image, rather than benefit from a· 
precise prediction of the treatment based on a fully characterised H1FU system. 
4 
1.4 Problems to be solved 
To develop the HIFU therapy as a reliable clinical technique, the following problems, at 
least, must be solved: 
Firstly; the physical mechanisms of ultrasound therapy must be understood thoroughly, so 
that the contributions from absorption, nonlinearity and cavitation in heating tissues can 
be predicted precisely. Only with these research activities can the relationship between the 
formation of tissue lesion and the characters of HIFU fields be established, which will 
help in the design and implementation of correct treatment protocol during an operation. 
Also, these fundamental research activities will help guide the development of new HIFU 
systems. 
Secondly, HIFU systems should be improved to demonstrate more reliable and efficient 
performances. HIFU transducers should be designed to have larger focal gain so that high 
intensities only appear at the focus and acoustic intensities are particularly low when 
crossing the skin [3). Moreover, as a HIFU system will be driven with high power and 
work in continuous wave 'mode, the loss of electric power will cause the temperature of 
the transducer to, rise, a HIFU transducer with good temperature stability will be crucial to 
ensure effective treatment. It has been suggested that the performance of a HIFU system 
should be considered at the earliest possible stage [22), pre-clinical testing is required to 
guarantee the safety of the patient during HIFU treatment [23). 
It can be concluded that in both fundamental researches and clinic applications, in order 
to characterise the acoustic field of a HIFU transducer accurately, reliable measurements 
are essential. However, the fact remains that because of the speciality of HIFU fields, 
, 
there are to-date, no guidance documents and standards for HIFU testing or operation, and 
measurement techniques for therapeutic ultrasound are still far from standardisation [24). 
s 
1.5 Purposes of the research 
Although hydrophones have been widely used for the measurement of ultrasonic fields 
and dominated the tests of high intensity therapeutic ultrasound in the past decade, 
they do have unavoidable limitations in these applications. It is therefore necessary to . 
consider an alternative technique to characterise HIFU fields based on a different 
measurement technology which does not suffer from the same inherent limitations. 
Optical techniques have been used for the detection of acoustic fields, with optical 
interferometry showing excellent performance. However, most of these measurements 
have been concentrated on diagnosis ultrasonic fields. Few attempts have been made for 
the measurement of focused fields, and the feasibility of using it for the measurement of 
focused fields has not yet been investigated. 
The research presented in this thesis aims to develop the optical techniques to characterise 
focused fields, with a particularly emphasis on HlFU fields. This aim will be achieved 
through the following theoretical and experimental activities: 
(l) The piezo-opiical effect will be investigated and related theory will be deduced for 
focused fields. This theoretical work will provide guidance for the application of 
optical interferometry for the measurement of focused fields. 
(2) Focused acoustic fields will be measured with a vibrometer and difference 
hydrophones, and results in different regions will be compared. This will demonstrate 
the feasibility of the optical method for detecting focused fields and allow its 
accuracy to be assessed. 
(3) To overcome the difficulties related to performing measurements in the focal region 
of HlFU transducers, numerical predictions based on linear and nonlinear 
propagations will be applied, and results from the optical method will be adopted as 
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the initial boundary· conditions. Also, !be feasibility and accuracy of the optical 
method in predicting HIFU fields will be judged. 
Chapter 2 
.. Literature review 
Following the background information presented in Chapter I, this chapter starts by 
reviewing acoustic measurement methods used for ultrasound measurement including the 
problems and present practices in measurement of HIFU fields. Then, various optical 
techniques related to ultrasonic measurements are summarized in detail. After that, the 
cIassical theories about focused acoustic fields and non-linear propagation are presented 
and numerical algorithms for predicting acoustic fields are described. To get a better 
understanding of HWU fields, the structures of a few typical focusing transducers are 
described in brief. Finally, conclusions are drawn out through the review. 
2.1 Acoustic measurement with hydrophone 
In the past century, with inventions of a variety of medical ultrasonic devices, the 
technique of acoustic measurement has been well developed. Since acoustic pressure is a 
very important parameter in evaluating properties of acoustic devices, different kinds of 
pressure measuring hydrophones have been designed and widely used in ultrasonic 
measurements. 
2.1.1 Performance oJhydrophone 
The hydrophone is a sensor that produces electrical signals in response to waterbome 
acoustic signals [25]. In the megahertz range, these hydrophone types can be classified as 
either needle hydrophones or membrane hydrophones [26] and their structures are 
depicted as in Fig. 2-1 and Fig. 2-2, respectively. 
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Needle hydrophones can be further categorised into PZT needle hydrophones and PVOF 
needle hydrophones. l)'pically, a PZT needle hydrophone has a lmm-diameter active 
element with a sensitivity of around O.7IlV/Pa [27]. When carefully designed, they may 
. have a relatively flat frequency response up to about 6 MHz [28]; however, their 
directional responses are often unpredictable and their properties can change with the 
ambient environment. As a result, this type of hydrophone is only suitable for 
narrow-band applications [29]. 
Backing material 
Ele trode 
Coating 
Fig. 2-1: Schematic diagram of a PZT needle hydrophone. 
Supporting ring 
PVDF membrane 
Earthed 
leads 
Active region 
Coating on Coating on 
bottom surface top surface 
Fig. 2-2: Schematic diagram of a membrane hydrophone. 
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The typical sensitivity of a needle PVDF hyclrophone is around O.12IJVIPa, and its 
resonant frequency can be beyond 25 MHz with predictable directional response. 
, 
However, in the frequency range between I MHz and 4 MHz, there is still a tendency for v 
rapid fluctuation in its sensitivity, and in the frequency range bel,ow I MHz, the sensitivity 
can fall off rapidly [30]. 
. In contrast, membrane hydrophones exhibit a smooth frequency response, typically, for a 
I mm diameter active element, the sensitivity of this type of hydrophone is around 
0.1 IJ V IPa in the megahertz frequency range, and their directional response.is predictable 
at all frequencies [31, 32]. Since the film of the membrane hydrophone will reflect 
acoustic waves significImtly in the megahertz frequency range, this type of hydrophone is . 
not suitable for measuring continuous wave acoustic fields, particularly in the high 
megahertz range. 
2.1.2 Measurementmethods'based on hydrophones 
In ultrasonic measurements, hydrophones are usually used to determine acoustic pressures, 
acoustic waveforms, and also the pressure distributions by. scanning the acoustic field 
[33-36]. Based on hydrophones, many international standards have been built up, typical 
ones can be introduced as: 
IEC 62127-1 (First edition-2007) Ultrasonics-Hydrophones-Part I: Measurement and 
characterization of medical ultrasonic fields up to 40 MHz using hydrophones. , 
This standard specifies the methods of using calibrated piezoelectric hydrophones for the 
measurement of acoustic fields generated by ultrasonic medical equipment. In this 
standard, with the application of a positioning system and hydrophones, various acoustic 
parameters which are used to specify and characterize ultrasonic fields can be measured. 
'while acoustic pressure being the primary measurement quantity, intensity parameters can 
be derived under certain assumptions. 
IEC 61689 Ultrasonics-Physiotherapy systems-Field specifications and methods of 
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measurement in the frequency range 0.5 MHz to 5 MHz. 
,'!ltrasound at low megahertz frequency is widely used in medicine for the purposes' of . 
physiotherapy. The equipment used for this consists of an electronic' generator and 
transducer for converting the electrical energy to ultrasound. 
In this standard, needle hydrophones are also chosen to measure acoustic parameters, such 
as, acoustic pulse waveform, acoustic repetition period and acoustic working frequency. 
By performing raster scans, parameters such as rated output power, effective radiating 
area and effective intensity, can be derived. 
IEC 61828 Ultrasonics-Focusing transducers-Definitions and measurement methods 
for the transmitted fields. 
COnsidering terminology for focusing transducers is inadequate for communicating 
precisely the characteristics of the focused fields and this standard provides specific 
definitions for the field transmitted from focusing transducers for applications in medical 
ultrasound, some of them, such as geometric focal length, near Fresnel zone, focal 
Fraunhofer zone; far Fresnel zone, are depicted in Fig. 2-3. 
Also, this standard shows how the characteristics of the radiated field of transducers may 
be described from the point of view of design, as well as measured with no prior 
knowledge of their constructions. To acquire information about the radiated ultrasound 
field, hydrophones are chosen to make measurements which are carried out in either a 
standard test medium or in a given medium. 
It should be mentioned that the output of a hydrophone is only related to the value of 
acoustic pressure around its active element. At present, there are no sensors for particle 
velocity measurement. To calCulate acoustic intensity, it is assumed that the local pr"".ure 
and particle velocity are in phase, just like in a plane wave or a strictly spherical wave. 
However, it is not true in the near field of a transducer. 
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Fig. 2-3: Parameters for describing a focusing transducer. 
2.1.3 Problems in HIFU measurements 
~ 
Although these standards are well established and the measurement procedures laid down 
in them are· widely practised, when they are applied to HIFU fields, traditional 
hydrophones are found to be inadequate for the tasks. 
(I) Primary characteristics of HIFU fields· 
HIFU systems used in surgery usually operate in the frequency range from 1 to 10 MHz, 
with 1-4 MHz being the most cO!l)mon, their transducers receive 100-500 W of electrical 
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! I 
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power [16]. When these powers are mostly converted into acoustic energies and 
converged into acoustic beams with small dimensions (usually the -6 dB beamwidth will 
be less than 2 mm in diameter), their intensities will become higher than I kW/cm2 
around the focal region, with amplitudes of acoustic pressure exceeding 10 MPa [24]. At 
such high intensity levels, acoustic waves will propagate non linearly and acoustic 
energies will be shifted to higher frequencies around the focal r~gions of transducers [37]. 
As mentioned before, high acoustic pressures may draw bubbles out of the water medium . 
and cavitation will be incurred. 
HIFU transducers tend to be designed in strong focusing manner, which will make the 
plane-wave assumption invalid, as a result, the particle velocity is not strictly in phase 
with the pressure. So, in a HIFU field, the local intensity is not truly proportional to the 
square of the pressure [24]. 
Based on the above information, the primary characteristics of HIFU fields can be . 
summarized as Table 2.1: 
High intensity 1-lOkW/cm2 
High Pressure >IOMPa 
Narrow beamwidth .. < 2 mm (-6 dB beamwidth) 
High frequency 1:-10 MHz for fundamental frequency 
Tens of MHz can be presented for harmonics 
. 
High focused Particle velocity is not in phase with pressure 
Unstable Cavitation may occur due to high pressure 
. Table 2.1: Primary characteristics ofHIFU fields, 
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(2) Limitations of hydro phone inHIFU'measurement 
, 
As mentioned above, most hydrophones are designed to work below' the frequency 
15 MHz, with a typical diameter from 0.2 mm to I mm and generally have insufficient 
temporal and spatial resolutions for measurements around focal regions of HlFU 
transducers .. This is particularly' true when a transducer is driven at clinical treatment 
levels where acoustic pressures will be full (lf harmonics and be distributed in narrower 
beams. As a general requirement, the effective radius of the acitve element shall ideally be 
smaller than one quarter of the acoustic wavelength, or one third of the beamwidth [26, 
38], so when the values of harmonics need to be acquired, the chosen hydrophones should 
have a very small sized active element and its averaging effect must be corrected [39-41]. 
With an increase of acoustic pressure, cavitation will occur and bubbles may shield the 
sensor from the ultrasound field, which will result in inaccuracy of results, in the worst 
case, the sensor may be destroyed by the violent resonance of bubbles. So, it is not 
recommended to expose these extremely costly devices to such hostile conditionS. 
A summary of some specifications of hydro ph om is in ultrasonic measurements is given in 
. Table 2.2. Compared with Table 2.1, it is clear'that traditional hydrophories cannot meet 
the requirements for characterising HIFU fields properly. 
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Tolerable Pressure· <5MPa 
Typical diameter From 0.2 mm to I mm 
Working frequency 1-15 MHz (for membrane hydrophone) 
r 
1-6 MHz (for PVDF needle hydrophone) 
, 
Measured parameter Acoustic pressure only 
Detecting mode Invasive, easy to suffer from shield and damage 
. 
. 
Table 2.2: Specifications of hydro phone in measuring acoustic fields. 
2.1.4 Practices of detecting HIFU fields 
To characterise HIFU fields, different approaches have been attempted, among them, 
scanning a thenno~ouple through the field, adopting the pyroelectric effect to detennine 
the total power, and detennining the focal position arid focal region through gel phantoms 
are only qualitative solutions [42-44]. In contrast, the methods based on hydrophones are 
still more acceptable as they can describe acoustic fields comprehensively and accurately, 
the related practices can be classified into the following two ways: 
(1) Using needle hydrophone plus radiation force balance 
A needle hydrophone is used to measure the distribution of acoustic pressure after 
reducing input power to much lower levels than are used for clinical therapy. With the 
hydrOphone setting up in the coordinate positioning system and scanning in the 
acoustic field, the peak acoustic pressure, focal position and beamwidth can be acquire.d. 
Then, acoustic power is measured with a radiation force balance over a wider range of 
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output settings [45]. Finally, the results of the field characterization at reduCed levels are 
scaled-up to clinical output levels by using the calculation as proposed by Hill et al [46]. 
In such calculations, the acoustic beam is assumed in a Gaussian shape, when the -Q dB 
beam width D and the power W are determined, the intensity averaged over the -Q dB 
beam area (denoted as lSAL) can be calculated as: 
(2-1) 
However, there are many problems related to such measurement and calculation. First, . 
because the particle velocity is not in phase with the acoustic pressure in focused field, the 
widely used conical reflecting targets will be influenced by the geometry of the field, so 
( 
they cannot be used to measure radiation forces here. In comparison, absorbing targets 
would be more suitable, however, typically hundreds of Watts of energy will be absorbed 
by the target and its temperature will be elevated dramatically. So, to make such 
measurement niliable, qualified absorbing targets must be manufactured and they must 
tolerate high temperature while keeping their properties unchanged. Secondly, although 
the acoustic power in the sidelobes will contribute to the radiation force, they have not 
been considered in the calculation for lSAL• Finally, this approach has not accounted for the 
effect of nonlinear propagation. Related papers have shown that with the increasing of 
. . . 
input power, the beam-profile will become more sharply peaked [37]. So, acoustic 
intensity will be underestimated if linear extrapolation is adopted. 
(2) Using robust hydrophone 
Fibre-optical needle hydrophones have been developed to m.easure the acoustic. 
waveforms gene~ated by lithotripsy [47]. As the diameter of a single-mode fiber is 
relatively small (usually around 120llm) and the frequency bandwidth . of an 
interferometer can exceed 50 MHz, these fibre-tip needle hydrophones can achieve 
excellent temporal and spatial resolutions [48]. These devices have also been used to 
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measure acoustic pressures generated by a HIFU transducer [49, 50]. 
However, an optical fibre needle hydrophone can achieve a sensitivity of about 2 n V IPa, 
which is about 20 dB lower than a 0.2 mm diameter membrane hydrophone [51], 
experiments have shown that their sensitivity will decrease at low frequencies because of 
diffraction at the tip of optical fibre needle hydrophone. On the other hand, the acoustic ' 
effect inside the fiber will increase its sensitivity significantly at around 23 MHz [52]. 
Recently, another type of robust needle hydrophone has been designed specifically for 
HIFU measurements, such a hydrophone consists of a piezo-ceramic element with' a 
diameter less than 0,5 mm. The active element is encased in a metallic coating to provide 
a smooth outer surface to minimize cavitation, and the coating thickness is chosen to 
preserve the hydrophone's sensitivity while providing ,a level of shock protection [53]; 
Also, this kind of hydrophone exhibits a non-flat frequency response, which increases to 
around 4 dB in the frequency range I to 3 MHz and flattens out up t6 8 MHz, then dips 
down till approximately 15 MHz. Experiment has shown that this kind of hydro phone can 
measure peak pressures up to 15 MPa, and with a 95 % confidence limit, uncertainties 
could be expected to be less than 10 % in the frequency range lower than 6 MHz. 
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Fig. 2-5: Schematic diagram of a robust needle hydrophone. 
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Another solution is to insert a target into HIFU field to reflect acoustic waves, then, a 
hydrophone is positioned outside of the incident acoustic field to collect the reflected 
acoustic waves. Based on such an idea, various devices have been developed and applied 
both to mapping acoustic fields [54, 55) and measuring acoustic pressures [56), they are 
referred to as "reflective needle hydrophones" in this thesis and the schematic diagram of 
a sophisticated design is depicted in Fig. 2-6. 
Capillary 
tube 
Scattering 
element 
PVDF 
material 
Curved 
segment 
Fig. 2-6: Schematic diagram of the reflective needle hydrophone. 
In th is hydrophone, the receivers are made from 25 ~lIn thick PVDF material bonded to 
spherically curved segments. Separate preamplifier modules are used to extend working 
frequency up to 30 MH z with uniform gain. The scattering element made of a fused silica 
optical fiber with a 73 ~m diameter core is held with capillary tubes which provide 
structural rigidity with minimal acoustic interference. The capillary tubes are fixed on 
adjustable arms extending from the curved segments [57) . 
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With robust hydrophones, acoustic pressures have been measured up to tens of 
mega-Pascal, and generally, they can provide better spatial resolutions than traditional 
needle hydrophones. However, the other problems rel~ted to HIFU measurement remain 
unsolved. 
Firstly, though the possibility of damaging hydrophones has been reduced, cavitation will 
still occur at high intensity, which will corrupt the results of measurement. Secondly, 
these hydrophones commonly have very low sensitivities and this limitation will cause the 
measurement for higher harmonics to be inaccurate. Finally, as described above, due to 
the diffraction of the acoustic waves around their tips, their receiving responses fluctuate 
in low megahertz range, so distorted acoustic waveforms cannot be recorded faithfully. 
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2.2 Optical detection 
In contrast with the methods based on hydrophones, one of the attractions of optical 
detection is in its non-perturbing nature, which provides the possibility of detecting HIFU 
fields without the danger of destroying sensors. Potentially, laser techniques can achieve 
higher iemporal and spatial resolutions compared with present needle hydrophones, which 
is crucial in measuring high intensity or high focused fields. 
The optical- technique has been applied to detecting acoustic fields in different ways. 
, " '. . 
Among them are Particle Image Velocimetry (plY) and Laser Doppler Anemometry 
(LOA), initially designed to measure fluid flows [58], and they have been developed to 
measure acoustic waves [59, 60]. However, PlY is more suitable for detecting amplitude 
of acoustic pressure in the order of a millimeter, while in HIFU fields, the related particle 
displacement is usually less than I Jlm; LOA requires its optical beams remain 
undisturbed on their propagation paths, if it is applied to detecting HIFU fields, the high 
acoustic pressure will modulate' the optical beams significantly and the signal related to 
'the piezo-optic effect may become the dominant ones [61]. So, both PIV and LOA ar.e 
inappropriate for detecting HIFU fields. 
On the other hand, local density variation induced by the passage of ultrasonic Waves in 
water giveHise to local perturbations in the refractive index, and this acousto-optic effect 
is utilized in a number of ways to perform optical detection of acoustic fields [62, 63], 
Schlieren, homodyne interferometry, laser Doppler velocimetry and light diffraction 
tomography have been used to detect ultrasonic fields in megahertz range. 
2.2.1 Diffraction and the Schlieren technique 
Diffraction is a phenomenon which happens when waves propagate in a medium with 
inhomogeneous refractive index. As ultrasonic waves propagate in a medium, the local 
refractive index of the medium will change and optical diffraction will be caused, this 
acousto-optic interaction is the principle adopted in the Schlieren technique. The practical 
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system for undertaking such detections can take many forms, and a common arrangement 
is depicted in Fig. 2-7. By eliminating the undiffracted light and obselVing the presence of 
c' 
additional orders of diffracted light, this technique has been used to provide qualitative 
information about ultrasonic fields, for example, shock waves propagation [64] and. 
visualization of an acoustic field [65, 66]. It has also been reported that by assuming 
axisymmetrical properties of the detected field, the Schlieren technique can be extended 
to extract some quantitative results for focused fields [67-70]. 
Acoustic 
wavefront 
Lens 
Transducer 
Optical wavefront 
Detector 
Lens 
Fig. 2-7: Schematic diagram of the Schlieren system in detecting acoustic field. 
2.2.2 Homodyne Interferometer 
With a thin membrane placed in the acoustic field which is optically reflective and 
acoustically compliant, homodyne interferometry can be applied to measuring the 
displacement of ultrasound wave accurately. This technique has been used to measure 
absolute acoustic pressure at a point and calibrate ultrasonic hydrophones at the National 
Physical Laboratory (NPL) in the frequency range from 500kHz to 15MHz for over 
twenty years, and the calibration uncertainty achieved in this method is typically 4 % at 
500kHz and 6% at 15MHz [71, 72], which is much smaller than the ones in the 
traditional two-transducer reciprocal method [73]. 
The calibration system at NPL is based on the traditional homodyne Michelson 
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interferometer and it can be depicted as Fig. 2·8. The laser beam from the interferometer 
is allowed to enter a water tank, traverse the acoustic field and reflect back from an 
optical reflective pellicle placed in the acoustic field. 
Assuming plane progressive waves, the acoustic pressure is derived from the 
displacement using the relationship [26]: 
p(t) = fXma(t). (2·2) 
where p is the density of water, c is the speed of sound in water, art) is the measured 
amplitude of the particle displacement and (j) is the angular frequency. 
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Laser Pockels Cell 
Pellicle 
Photodiodes 
Fig. 2·8: Schematic diagram ofNPL calibration system based on interferometry. 
The pellicle is then replaced with the hydrophone, the open·circuit voltage of the 
hydrophone eoc can be measured at the same position where the pressure has been 
determined, so that the sensitivity of the hydrophone, M, can be derived by 
M =~ 
p 
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(2·3) 
,......-------------------- ---
For the first time, with the application of homodyne interferometry, the physical 
parameter of acoustic pressure. can be traced to the primary length standard. Above all, 
c. 
other than in the reciprocal method, when this technique is used for calibrating 
hydrophones, . most restrictions for sources become unnecessary and can be ignored. 
Benefiting from all these advantages, the system based on the homodyne interferometry 
can achieve much smaller uncertainties for hydrophone calibration. 
However, homodyne interferometry is inherently' sensitive to ambient vibrations, and the 
implementation of this technique needs an isolated environment. But first of all, to apply 
this ~echnique to HIFU measurements, the derivation of acoustic pressure needs to be 
studied, as the 'effective' refractive index for plane waves of small amplitude will become 
no longer be valid in HIFU fields. 
, 2.2.3 Heterodyne interferometer 
A heterodyne interferometer or. Laser. Doppler Vibrometer (LDV) differs from a . 
. homodyne interferometer in that the measured vibration results in a freque~cy difference 
(Doppler frequency) between the measurement beam and the reference beam, they tend to 
be less sensitive to external vibration [74]. 
The Doppler principle is applied in a LDV to determine the displacement or velocity of 
the surface vibration of a reflective surface from the frequency shift imparted on the 
reflected photons. The configuration of a typical laser Doppler vibrometer is depicted in 
Fig. 2-9. 
As illustrated in Fig. 2-9, the laser beam is split into two beams or arms, one being a 
reference beam, the other being the measurement beam which is directed towards a 
reflective target which if oscillating, will shift the reflected beam. This reflected Doppler 
shifted beam is then interfered with the reference beam at the surface of the 
photo-detector. The phase difference 6.<1> caused by. the moving target can be expressed 
as [75,76]: 
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M> = (41ZU I A,)t = (4rifD )t , (2-4) 
where u is the vibrating velocity of the target, A. is the optical wavelength, t is the time and 
f D is the Doppler frequency. The optical intensity on the detector can be expressed as: 
I = 10 [1 + cos( 4;if;i)]· (2-5) 
This equation indicates that the photo-detector cannot provide directional discrimination 
of the moving target. This is the reason for the Bragg cell and RF generator, illustrated in 
Fig. 2-9, which optically shifts the frequency of the reference beam. If the reference arm 
is shifted by an amountfs then the optical intensity can be rewritten as: 
1= 10 {I +cOS[27r(fB +2ul A,)tJ}. (2-6) 
Shifting the reference beam by an amount greater than the maximum Doppler frequency 
caused by the target, the direction of the target motion can be determined. 
Beam splitter Beam splitter 
Laser 1----4-1o~--------------+~+------_I Acoustic 
L-______ ---l Bragg cell target 
Output velocity 
,....:=--...., 
Frequency 
tracker unit 
Mixer Differential 
amplifier 
Photodiode 
Fig. 2-9: Configuration of a laser Doppler vibrometer. 
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For a cosinusoidal displacement aCt) of the target, after the optical signal is transformed 
by the detector, the resultant output voltage can be expressed as: 
41lt1(t) Vet) = K· cos [2Jifat + cos(211fi)], 
A. 
(2-7) 
where K is a constant determined by the sensitivity of the' detector, f is the acoustic 
frequency of the target. 
The output signal of the vibrometer expressed by Equation (2-7) contains information 
about both the displacement and acoustic frequency of the target. Based on g~neral FM 
theory, the Bragg shift frequency of the reference beam is referred to as the 'carrier' 
frequency and the acoustic frequency as t~e 'signal' frequency or, the 'modulation' 
frequency, where the target velocity determin,es the 'depth' of modulation. The vibration, 
signal of the target is extracted by an FM decoder module, based on the phased-lock-loop 
method to provide a voltage output with an amplitude directly proportional to the Doppler 
shift and thus target velocity. 
Heterodyne interferometry has recently become more widely used in calibrating 
hydrophones [77, 78] and detecting acoustic fields [79-82]. Compared with the reciprocal 
method, this method also can achieve much smallef uncertainties in the kilohertz 
frequency range [83]. As a LDV can be designed to work in wider frequency range, and 
its laser beam can contribute very good spatial resolutions, these devices have been 
applied to the measurement of ultrasound fields generated by focused sound sources [84], 
and satisfactory results have been acquired for the fimdamental and secondary harmonics 
[50, 85, 86] on focal plane. 
It has been noticed that in the pellicle-based interferometry, the laser beam from a LDV 
will cross through acoustic, waves before it reaches the pellicle, both the displacement on 
the pellicle and the acoustic pressure along the laser beam will contribute to the change of 
the optical path length. Under the condition that the acoustic wave passing through the 
pellicle approximates a plane progressive wave and its particle velocity u is far less than 
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- the speed of sound in the water, the velocity detected by a vibrometer can be expressed as 
[87]: 
v=-2n'u, (2-S) 
where, n is the 'effective' refractive index of plane waves. 
However, Equation (2-S) , cannot be used in the near field of a' source where the 
acousto-optic interaction is relatively complicated, also, it will become invalid for 
acoustic fields with high intensity where acoustic waves propagate in non-linear ways. 
Though implementing interferometric measurement on a piston's surface has been 
considered theoretically [SS], and optical measurements have been performed very close 
to transducer surfaces to show their transient displacements and normal velocities [S2, S9], 
. . 
the feasibility of applying the optical interferometry in HIFU fields (including focused 
fields) hasn't been given a comprehensive consideration yet. Besides, the pellicle-based _ 
. interferometry can't be defined as non-perturbing technique literally, as the existence of a 
pellicle will cause a disturbance to ultrasonic field, especially in high megahertz range. 
2.2.4 Acousto-oplic tomography 
Light diffraction tomography has been used in the investigation of propagating waves and 
can determine sound pressure and phase distribution [90-93]. In the implementation of 
the tomographic method, the measured transducer is rotated through ISO 0 about an axis 
normal to the propagation direction of the incident optical beam, then, the magnitude and 
phase of the acoustic wave are established by Filtered Back-Projection (FBP) using 
discrete convolution of the diffracted light at mUltiple !J!Igles. Since this requires no 
device to be placed in the acoustic field, such a method can achieve a true non-invasive 
measurement. However, this technique is usually applied in the low megahertz frequency 
range and at a low acoustic pressure level (less than 100 kPa). 
J 
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In recent years; with the application of the tomographic technique, the laser refractive 
method has been used for measuring and reconstructing focused acoustic fields[94, 95]. 
The arrangement of optical refractive tomography is shown in Fig. 2-10, where the 
measured transducer is fixed on a positioning system with its acoustic axis in the vertical 
direction z, the laser beam from an interferometer is set perpendicular to the acoustic axis 
of the transducer, and reflected from a mirror fixed outside the acoustic field. By moving 
the transducer along the direction y, the laser beam can scan across the width of the 
acoustic field. In this way; a number of line integrals can be acquired through the output 
of the vibrometer. The transducer call then be rotated around its acoustic axis and the line 
scanning repeated until a series of angular intervals over the range 00 to 1800 are 
completed. 
For the setting as shown in Fig. 2-10, the output ofthe vibrometer can be written as [96]: 
.., 
v (x)=2~w jp(x,y)dy. (2-9) 
'where nl is the 'effective' refractive index of the water medium. 
Supposing that x and y are the orthogonal axes selected, and x' and y' are the axes after a 
rotation of the angle Bas shown in Fig. 2-11, the relationship between them can be written 
as [97]: 
lrJ [COSB sinB][X] y' = -sinB cosB y , (2-10) 
so, the output of the vibrometer along the x' direction can be given as: 
.., 
voCx') = 2~w jp(x'cosB -:- y'sinB,x'sinB + y'cosB)dy'. (2-11) 
-.. 
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To reconstruct the acoustic field, the. line scanning is carried· out with an equidistant 
increment~, so that a parallel projection ve(nr) is built at the given angle 0, where n = 
-N, ... O, ... N, then the FBP algorithm is utilised and this can be written as [98]: .. 
QeCnr) = r· IFFT{FFT[ve(nr)]' FFT[h(nr)]}, (2-12) 
where [FFT denotes the Inverse Fast Fourier Transform and h(lir) is the convolution 
kernel. 
The acoustic pressures in the coordinaies x and y can be obtained from the linear· 
interpolation of the FBP by 
M 
. ~ ~ . 
p(x'Y)=-L..Qe (xcosB, + ysinB,), 
M I-I ' 
where Mis the number of projections uniformly distributed over 180 degrees. 
(2-13) 
However, in the laser refractive method, due to the optical index gradients, laser beam 
will deviate from its original orientation. With increasing of. acoustic pressure, the 
reflected beam will miss the photodiode, which forms the upper limit of measurements, 
the experiment has shown that with a commercial interferometer, a maximum pressure 
integral of 3.35 MPa can be achieved with the laser refractive method [94]. 
Based on the above discussion, the characteristics of different optical techniques can be 
concluded as in Table 2.3. Through Table 2-3~ it is clear that among the optical techniques, 
LDV and acousto-optic tomography possess the potential to be applied to characterizing 
HIFU fields. However, the related acousto-optic 'effect needs to be further investigated 
theoretically, and to measure acoustic pressure in large amplitude, a vibrometer with large 
dynamiC range needs to be developed. 
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It should be noticed that even if these goals can be achieved, cavitation may still cause a 
strong disturbance to the measurement implemented directly at the. focal plane. So, it is 
anticipated here that a better approach to characterise the focal region of a HIFU 
, 
transducer might be to carry out a prediction using the results measured in the near 
Fresnel zone where acoustic pressures are relatively low. Such a prediction is based on the 
theories about focused fields and non-linear propagation and they are reviewed in the next 
section. 
Technique Merits , Drawbacks 
Schlieren Visualization Qualitative 
Non-perturbing 
Homodyne Quantitative Sensitive to ambient vibrations 
Interferometer Accurate Restricted to plane waves 
Restricted to small amplitude 
LDV Quantitative Restricted to plane waves 
Accurate Restricted to small amplitude 
Insensitive to ambient vibrations 
ACOlisto-optic Quantitative Specially designed facility 
Tomography Non-perturbing Limited dynamic range 
Table 2.3: Characteristics of different optical techniques in acoustic measurement. 
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2.3 Theory of focused fields 
2.3.1 Acoustic fields in linear propagation 
The Rayleigh surface integral is an exact expression for the pressure produced by a piston ' 
at an arbitrary observation point in the field. In 1946, Williams [99] reported that under 
certain conditions, the Rayleigh integral expression could be used as a very good 
,approximation for the pressure generated by a focusing source; and in 1949, O'Neil [100] 
advanced a useful integral model for focused acoustic fields. 
Based on Williams and O'Neil's workS, focused fields have been investigated further and 
various analytical models proposed. For example, instead of using the double integral in 
the Rayleigh fonnula, Madsen [101] applied' the single integration technique to 
calculating the pressure distribution of a focusing radiator. To allow some typical 
characteristics to be easily obtained, an analytical description for spherically concave 
sources was developed by Lucas [102]. 
In the above deductions for the expression <if focused fields, the sources have been 
assumed to be spherically concave in shape with circular apertures, with their active 
surfaces driven in unifonn radial motions. In reality, focusing transducers will generally' 
be different from this Simplified 'standard' model. On the other hand, by measuring 
complex acoustic pressures as a function of position, the acoustic field can be projected to 
a series of new planes using numerical algorithm, in this way, the acoustic field over a 
large spatial volume can be predicted . 
• ,The succes~fuI' prediction of acoustic field depends on how to solve the diffraction 
problem, and the Rayleigh-Sommerfeld diffraction fonnula has given correct results for 
both far-field and near-field, diffraction. The numerical solution of the Rayleigh 
-Sommerfeld integral can be calculated by Direct Integration (DJ) method, its principle is 
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demonstrated briefly in the following paragraphs. 
Supposing that the measurement is carried out on the plane located at z = 0, and the 
acoustic fields on the plane z is expected to be predicted as shown in Fig. 2-12. 
x 
r p(x,y,z) 
z 
Measurement plane Prediction plane 
.y 
Fig. 2-12: The coordinate system of Rayleigh-Sommerfeld diffraction theory. 
When acoustic wave propagates linearly in water medium, its impulse response function . 
can be written as [103]: 
. g(x,y,z) 1 exp(iky) z (.!.-ik) , 
27r y y Y 
(2-14) 
in which k is the wavenumber, y is the distance from the source to the field point where 
the pressure p is considered. 
The pressure at the prediction plane p(x, y, z) can be written as the convo.lution of the 
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pressure at the measurement plane A and the related impulse response: 
p(x,y,z) = ffp(x',Y',O)g(x- x',y':' y',z)dx'dy'. (2-15) 
A 
So, in the measurement plane, ifNxN equidistant grids are sampled for p(x',y', 0), then, , 
for the point (xm,Yn'z) in the prediction plane, the integral can be calculated by the 
numerical integration as a Riemann sum: 
N N 
p(xm,y.,z) = I2>(x;,y~,O)g(xm -x;,Yn -.: y~,Z)MtJ.yl 
. 1=1 1=1 
(2-16) 
where tJ.x1 and tJ.y' are sampling intervals in the measured plane. 
With the development of computer techniques, nowadays, various numerical algorithms 
have been used to simulate focused acoustic fields and acoustic waves effectively 
[104-109], among them, the angular spectrum method is the most common method 
[110-112], allowing acoustic fields of focusing radiators with non-uniform asymmetric 
distributions to be predicted accurately in linear conditions [113, 114]. 
2.3.2 Acoustic fields in nonlinear condition 
It is well known that acoustic waves will propagate in the nonlinear manner at high 
intensity. As a result of this, "acoustic pressures will shift to their harmonics and acoustic 
energy will distribute along the acoustic beam in a 'different" way than in the linear 
condition. To simulate acoustic fields with high intensity, the nonlinear propagation must . 
be considered. 
Theoretical analysis of nonlinear effects in focused sound beams date back to the [950s 
when Naugol'nykh and Romanenko' [115] used a quasilineartheory to investigate 
acoustic saturation in the focal region of a transducer. Quasilinea; solutions that account 
34 
for the combined effects of diffraction and weak nonlinearity have been obtained in 
integral form for sound fields radiated by focusing pistonlike sources, and the analysis 
based on the parabolic approximation have been used bya number of researchers to study 
focused sound from both monofreqeuncy and bifrequency sources [116-119]. 
In the year 1971, The KZK parabolic equation was improved by Khokhlov, Zabolotskaya 
and Kuznetsov [120, 121], which accounts for nonlinearity, diffraction and absorption in 
sound beams where, amplitudes are sufficiently high to render quasilinear models 
inapplicable. 
Since the effects from diffraction, thenhoviscous attenuation and nonlinearity are taken 
into account in the KZK nonlinear parabolic wave equation, it is an accurate model for 
directional sound sources in regions close to their acoustic axes, and this equation has 
been developed to predict high intensity acoustic fields generated by focusing transducers. 
Because the KZK equation cannot be solved analytically, various numerical algorithms 
have been developed to simulate acoustic fields. 
However, the KZK equation is derived under the condition of the paraxial approximation, 
where the upper limit of applicability has been predicted to be 16° for the half-aperture 
[122], so early investigations were limited to transducers in which diffraction effects were. 
relatively weak and focusing gains relatively low [123, 124]. 
To extend the nonlinear calculation for strong focused beams, Ystad and Bemtsen [125] 
proposed a Composite Method (CM) that describes the field in terms of two separate 
beam equations; one being the mixed model equation which is accurate close to the 
source and the other being the KZK equation which is accurate near the focus. Tomoo and 
Tsuneo [126] developed the Spheroidal Beam Equation (SBE) using an oblate spheroidal 
, 
coordinate system, which is similar to rectangular Coordinates near to the focus and 
similar to spherical coordinates near to the source. Chao and Du [127] confirm~d that the 
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SBE could accurately predict the propagation of a focused beam with half-aperture angle 
up to 40°. However, it should be noticed that these solutions are still limited to 
axisymmetric fields. 
Compared with the direct pressure measurement on a focal plane, acoustic pressures 
outside the focal region would be relatively small enabling many methods and sensors to 
be applied directly and so prediction for HIFU fields could provide another approach in 
assessing their perfonnances, and different numerical solutions have been developed in 
time [128-131] and frequency domain [132-136] for modeling acoustic fields with high 
intensities. 
However, for the acoustic field produced by a HIFU transducer, acoustic waves with 
harmonic content will distribute in a beam which is large relative to the wave-length. To 
make a meaningful prediction, the measurement should cover the entire region with a 
very fine grid of sufficient spatial resolution to sample accurately the highest frequency 
harmonics. If a large number of harmonics are required in the simulation, the algorithm 
computation will become very time consuming. To reduce computational time, various 
approaches based on a prior spatial or temporal property of the acoustic field are proposed, 
spatial grids are optimised to follow the geometry of the beam [137, 138]. 
To develop the prediction of HIFU fields as an accurate and effective ~ethod, further 
I 
research surrounding the improvement of measurement procedures and numerical 
. algorithms should be continued. 
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2.4 HIFU transducers 
The majority of transducers used in HIFU systems are made' of Lead Zirconate Titanate 
(PZ1), a piezo-electric ceramic material, typically in the shape of a disc or a hemi 
-spherical shell. The hemi-spherically concave PZT ceramic can be used to construct a 
HIFU transducer directly, while to achieve focusing with a pzt ceramic disc, an acoustic 
lens needs to be fixed on the surface of the active element [139]. 
2.4.1 Focusing transducer made of curved PZT shell 
When a PZT ceramic is manufactured in the shape of a spherical bowl, and poled in the 
direction of its thickness, it can be used as the active element in a focusing transducer. To 
acquire high efficiency, the transducer is designed to work at its resonant frequency with 
the backside of the PZTceramic being covered with acoustically soft material, ~d the 
acoustic waves radiate from the front surface into water medium directly. This design of 
transducer has the simplest structure. Ina HIFU system with an integrated ultrasonic 
imaging device, a concave PZT ring is used so that a B-mode probe can be inserted in the 
centre of the transducer, its structure is shown in Fig. 2-13. 
2.4.2 Focusing transducer with acoustic lens 
As in conventional geometrical optics, focusing of acoustic beams can be achieved by the 
use of an acoustic lens. To produce an acoustic lens it is necessary to use a material with a 
low acoustic absorption and of good homogenous quality. Although plastic materials can 
be used, for the continuous wave employed in HIFU systems, 'the mechanical losses 
inside the projector will cause the temperature to rise dramatically, as a result, the 
performance of the plastic lens deteriorates. For this reason, metal materials are usually 
chosen, in practice, for acoustic lenses employed in HIFU transducers. The metal.acoustic 
lenses can tohirate much higher temperatures whilst maintaining the required acoustic 
properties. Also, in the HIFU system using ultrasonic imaging device, to make space for 
holding the B-mode probe, the PZT ceramic ring will be used as the active element and its 
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acoustic lens usually will be made of aluminium, the construction of such transducers is 
depicted in Fig. 2-14. 
Air back 
PZTshell 
B-mode probe 
Housing 
. Fig. 2-13: Structure ofHIFU transducer made of curved PZT material. 
Housing ----1.1 
Air back 
1-3 PZT 
~I:::i:.ii- Aluminum 
Lens 
B-mode 
probe 
Fig. 2-14: Structure ofHIFU transducer with acoustic lenses. 
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. These two kinds of transducers are the most common ones used in HIFU systems and 
. their acoustic fields have been investigated in many experiments. It has been shown in the 
literature that when these transducers are driven, their radiating surfaces 'will vibrate with 
both thickfless and f1exural modes leading to complicated field distributions and thus 
causing discrepancy between the measured acoustic fields and those predicted by the 
Rayleigh integral [140]. 
2.4.3 Other forms'offocusing transducers 
To destroy tumours of various volumes and in different positions within the body, multi 
-focus transducer systems [141] and ultrasound phased arrays [142, 143] have been 
developed to enable electronically programmable control of focal size and shape. 
Piezo-composite materials are a relatively new development and were initially employed 
for improving ultrasonic imaging devices [144-::146], as these materials can offer simple 
vibration characteristics, often exhibiting only a thickness vibration mode. These piezo 
-composite materials have also been developed and applied to high power equipment. 
Using this material enables a wide variety of shapes and complex designs of array 
transdu~ers to enable electronic focusing, scarming and steering of the therapeutic beam 
[147]. 
These developments based on new materials and new designs have led to significant 
improvements in the performance and capabilities of H1FU systems. However, as the 
surface' shape and vibration' mode of a transducer are different from those assumed in the 
theoretical prediction and the generated acoustic fields will therefore deviate from those 
predicted by theory. To assess the performance of a H1FU transducer correctly, the 
measurement implemented in acoustic fields plays an important role, particularly at high 
intensity. 
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2.5 Summary 
From the literature, the following conClusioris can be summarised: 
The traditional needle and membrane hydrophones have been applied widely to ultrasonic 
measurements, and based on them, many measurement standards are well established. 
However, due to the characteristics of HIFU fields, they are found short of sufficient 
temporal and spatial resolutions, and in particular, they can only tolerate small acoustic 
pressures. Though robust hydrophones have been designed to measure acoustic pressures 
up to a few tens of megapascal, their sensitivities and responses need to be improved. 
As a temporary solution, the field characterization of a HIFU transducer is measured after 
reducing the outPut to be within safe limits of sensors,then acoustic intensity at the full 
clinical level is extrapolated linearly according to measured power with radiation force 
balance. However, this approach hasn't accounted for the effect of non linear propagation. 
The acousto-optical effect h~ been used for detecting ·ultrasonic fields in a number of 
ways, among them; the Schlieren technique can provide qualitative information about 
ultrasonic fields; homodyne interferometry is more suitable for calibrating hydrophones, 
and light diffraction tomography is practicable for measuring acoustic pressures at small 
level. In contrast, laser Doppler vibrometry has exhibited capability in ultrasonic 
measurements, and based on heterodyne interferometry, light refractive tomography has 
been successfully used in reconstructing focused field at a few megapascal levels. 
However, to develop interferometry as. ~ reliable method for the measurement of focused 
fields, the related acousto-optic effect needs to be investigated further, and a device with 
large measurement range ~eeds to be developed. 
Through the review of classical theories and related algorithms for focused fields, it is 
found that based on the Rayleigh integral, the analytical description for spherically 
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concave sources has been well established and can be used to calculate weakly focused 
fields: Modem computing technique has ensured that the acoustic fields of focusing 
radiators with non-uniform asysmetric distributions are predicted accurately in linear 
conditions. 
To describe the focused acoustic field with high intensity, the effects of nonlinearity, 
. -
. diffraction and absorption must be considered together. The KZK equation is an accurate 
model for directional sound sources and it has been developed to predict HIFU fields 
radiating from weakly focused sources and to extend the nonlinear calculation for strong 
focused beams, a few models have been established. However, all these models are based 
on the axisy~metric assumption. 
Since acoustic pressures can be measured accurately using hydrophones and the optical 
method outside focal regions, computer prediction is a desirable way for assessing the 
performance of a HIFU transducer. However, HIFU transducers are made of various 
materials with different structures, these developments have improved the performance of 
HIFU systems, at the same time making the prediction of acoustic fields full of challenge. 
Needless to say, the work in the literature provides an excellent basis for further research, 
based on these theories and experimental techniques, focused acoustic fields and 
. measurement methodology are investigated in the following chapters. 
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Chapter 3 
Theoretical considerations 
Based on the analytical description derived from the classical theory, a detailed 
investigation concerning the characteristics of focused acoustic fields is provided at the 
beginning of this chapter. Thepiezo-optica! coefficient is then developed for spherical 
'wave fields, and the feasibility' of detecting focused fields using the interferometric 
method is assessed through analysis of the related piezo-optica! effect.' Finally, the 
behaviour of optical refractive tomography is discussed briefly. 
3.1 Focused acoustic fields 
3.1.1 Radiationfield-Rayleigh integral 
It is well known that the acoustic field ota piston source can be regarded as the integral of 
each element on the source. If the diameter of the source is much larger than the acoustic 
wavelength A, the element dS on the source will contribute an acoustic pressure at a point 
in the field pas [148]: 
(3-1) 
where lr-21t1A. is the wavenumber, Ua is the normal velocity ofthe element, and as shown 
in Fig. 3-1, r is the distance from the element to the point in the field where the pressure p , 
is considered. 
So, the acoustic pressure radiated from the source can be written as: 
_ ikpc ffua, , l(kr-mtld'S p--- --e , 
27& s r ,', 
(3-2) 
and the velocity potential can be written as: 
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1 u e'(ky-<»t) 
t{!=-fJ a dS. 
. 2tr , r 
(3-3) 
The relationship between the acoustic pressure p and particle velocity u can be written in 
terms of" as: 
p =ikpct{!, (3-4) 
and 
(3-5) 
respectively. 
x 
dS 
z 
y 
Fig. 3~1: Diagram of the radiating source and the field point. 
The Rayleigh integral has been used to predict acoustic fields radiated from different types 
of piston sotjrce. However, focusing transducers are usually made up of curved active 
elements and so waves radiated from one element will therefore be diffracted by other 
parts of the transducer surface. It should be noted that these effects are not considered in 
the Rayleigh integral. 
However, if the surface area of the transducer does not exhibit strong curvature, then the 
secondary diffraction. due to the curvature will be negligible; and if the dimensions of 
transducer are large relative to the wavelength, the effects of secondary disturbances at 
different parts of th~ transducer surface will be further reduced by their phase difference. 
Under these conditions, the Rayleigh integral can be used to deduce acoustic fields 
radiated from focusing trat)sducers with relatively good accuracy. 
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3.1.2. Prediction of focusing radiators 
For a spherically curved source with radius a, curvature radius D and half aperture angle 
ao, as shown in Fig, 3·2, under 'the condition that its radius a is large relative to the 
wavelength and to the depth of the concave su~face, then, the velo~ity potential will be a 
solution of the Helmholtz equation: 
(3-6) 
r 
F 
z' 
Fig. 3-2: Geometry and notation of a focusing radiator. 
Assuming that the active surface radiates with a uniform velocity uo' which is small 
enough such that non-linear effects can be ignored. The approximate solution for the 
concave source can be obtained from the velocity potential according to Equation (3-3): 
Ikr ~=~ JJ~S, 
2rc. r 
(3·7) 
with the time dependence e-i '" omitted for convenience. 
, The solution to Equation (3-7) requires a double numerical integration, which makes the 
numerical calculation timec()llsuming. Since most focusing sources have axisymmetry, 
their velocity potential can be decomposed as [116): 
~(r,z) = elkz q(r,z), (3·8) 
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where the velocity potential is denoted in terms of cylindrical coordinates r and z as 
. \ 
marked in Fig. 3-2. 
From Equation (3-6), q(r,z) cari be expressed as [116]: 
q(r,z) =_.0 exp lk(-) exp -(---) . Jo(-)xdx. - u [. r2] of [ikx2 1 1] krx . 
. z 2z •• 0 2 z D z 
(3-9) 
Equation (3-9) gives a relatively simple solution for focused acoustic fields, and their main 
features are simulated in the following sections. 
3.1.3. Distribution offocused acousticfields 
From Equations (3-4), (3-5), (3-8) and (3-9), the acoustic pressure and the axial particle 
velocity can be written as follows: 
p(r,z) = °exPlk( ) exp-(---) ·Jo(-)xdx ikpcu [. r2 + 2Z2 ] of [ikx2 1 1] krx 
·z . 2z •• 0 2zD. z 
(3-10) 
. a u [ . r2 + 2Z2 ] Of [ikx2 1 ~ 1] krx uz(r,z)=--{~exp ik( ) exp -. (---) ·Jo(-)xdx} 
. ozz 2z ._0 2zD z (3-11) 
The acoustic pressure and axial particle velocity of a spherically curved source are 
simulated around the focal region as shown in Fig. 3-3 and Fig. 3-4, respectively, where . 
the source is assumed to have a radius a ,;,20 mm, a radius of curvature D = I 00 mm, so, at 
its working frequency 1.0 MHz, the conditions of sinao «1 and ka» 1 are satisfied. 
To display phase distributions around the focal Fraunhofer zone clearly,. phase changes 
related to the term exp(ikz) are excluded in Fig. 3-3 and Fig. 3-4. 
The numerical simulation reveals that the acoustic pressure and axial particle velocity have 
a similar distribution in amplitude; however, their phases are quite different, especially in . 
the region close to the transducer. In general, the focused acoustic field has a complicated 
.. distribution in the near Fresnel zone. Inside the focal region, acoustic waves would travel 
with a plane wavefront. Then, they will spread into a larger diverging spherical form. 
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, 
• 
Fig. 3-3: Distribution of acoustic pressure in ampli tude (left ) and phase (right). 
o ~ 06 08 12 ,. 16 18 
VD 
Fig. 3-4: Distribution of the axial velocity in amplilllde (left) and phase (right). 
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The distri butions of acoustic pressure and axia l particle velocity are now calcu lated and 
compared a long the z and r axes. respectively. 
(I) Axial distribution 
On the acoust ic axis of a spherically curved source, the acoustic pressure and axial particle 
velocity will reduce to: 
p(O,z) = pcuo ~exp(ikz). {I - exp[i'Jl (~ -~)l}' D-z z D (3 -1 2) 
and 
!I _(O, z) = ~{ uoD.exp(ikz) [I _eXp(i91 _ i91)l} , 
- oz ik(D-z) z D (3 -1 3) 
respectively, where 91 = ka1 / 2 is the Rayleigh di stance. 
To compare d istributions of the acoustic pressure and particle velocity, the two parameters 
are normalised by factors pcuo and uo, respect ively. The normalised distributions are 
compared in Fig. 3-5(a), and their phases are g iven in Fig. 3-5(b), again, the term exp(ik=) 
is exc luded in calcu lating phase distributions. 
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Fig. 3-5: Axial distributions of acoustic pressure and particle velocity. 
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The numerical simulation shows that for the weak ly focusing source, the distributions of 
the acoustic pressure and axial part icle velocity are in good agreement wi th each other 
around the focal region, the maximum ampl itude appears at the position z = O.9D. 
However, in the near Fresnel zone, the two distributions tend to be different in both 
ampli tude and phase. 
(2) Radial distriblltiolls 
The acoustic pressure and ax ial part icle velocity are calculated along the r axis at a few 
typical distances. With the same normalisation facto rs IX"O and 110 , comparisons 
between the two parameters are shown in Fig. 3-6(a)-(1). 
The simulation shows that in the region z> O.5D, the acoustic pressure and particle 
velocity have similar amplitude distributions. Again, their distribut ions are different from 
each other in the near Fresne l zone. 
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Fig. 3-6(3): A comparison of acousti c pressure and particle velocity at z = O.3D. 
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3. 2 Piezo-optic effect in the pellicle-based in terferometry 
When an optically refl ective membrane or pellicle is placed in an acoustic fi eld and moves 
in unison with the ultrasonic wave, a laser beam from an interferometer incident on the 
pellicle can be used to measure the particle velocity of the acoust ic fi eld directly from the 
pell icle vibration . However, as the laser beam wi ll interact with the acoustic fi eld 
propagating through the pellicle, the interferometer will interpret these perturbations, due 
to the piezo-optic effect on the laser beam, in addition to the part icle velocity . To identify 
the vibration of the pellicle, the piezo-optic effect of the water medium must be taken into 
account. 
The piezo-optic coefficient is the inherent character istic of a material defined 
as n, = - pe' (an / ap)" which describes the variation of the refractive index with its 
ambient pressure under adiabatic conditions [149- 152]. An 'effect ive' refractive index 
was first used to correct for the piezo-optic effect in the plane wave field [87]. S ince it is 
found that the piezo-optica l interaction wi ll produce different effects in different acoustic 
fie lds [78]. the related piezo-optical effect must be invest igated to make use of these 
interferometry methods in the focused acoustic fi e ld . 
In this section, the meaning of the 'e ffective' refractive index used for a plane wave is 
reviewed first, then, this concept is put forward for correcting the piezo-optical interaction 
in spherical waves fi eld . The piezo-optical effect a lso is assessed for the condition where 
the laser beam deviates from the acoustic axis of a transducer. This deviation is required 
for optical scanning measurements. Fina lly, the feasibility of optical interferometry III 
detect ing focused field s is investigated by simulating the output of an interferometer. 
3.2. 1. Plaue ovavejield 
For the arrangement depicted 111 Fig. 3-7, where the laser beam enters the water tank 
through an optical window, both the acoustic wave and laser beam propagate a long the 
same axis (z axis). If an optically reflective pellicle is placed in the plane z = 0 and at time 
I moves a small distance, a(I), in response to the acoustic wave, the wave front propagates 
in plane z = I , then, the difference in optical path length, q(I), caused by the presence of 
the acoustic wave is [71 ,87]: 
2 I 
q(/) = -2noa(/) +~ f p(z,/)dz, 
pe a 
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(3 -14) 
where 170 is the refractive index of water and P(Z./) is the acoustic pressure along the z axis 
at time I . 
Projector 
a 
- 1-
Pellicle _ 1 
1 
1 
1 
, 
z=o 
Acoustic wave 
Vibrometer 
-
-. 
I \ Window 
Fig. 3-7: Diagram of the pellicle-based interferometry in a plane wave field . 
Equation (3- 14) shows that both the vibrat ion of the pe ll icle and the acoustic pressure 
along the optical path will contribute to the optical path length q(t) . 
For plane waves in sinusoidal tone burst fo rm. the acoustic pressure can be written: 
(3 -1 5) 
where Ao is the amplitude of acoustic pressure. 
Assuming the amplitude of particle displacement is much small compared wi th the 
waveleng1h, then, Equation (3-14) can be written: 
(3 -1 6) 
Since I is the distance from lead ing edge of tone burst measured from z=O, such that J=CI, 
under the condition that the particle velocity is much less than the sound speed in water, 
the change of the optical path length caused by the acoustic wave can be written: 
oq(/) = -2(n _ n ) oa(1) 
0/ 0 '0, ' (3-1 7) 
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if a velocity interfero meter or vibrometer is used in detecting acoustic waves, then its 
output wi ll become [S7) : 
\1(1 ) = - 2(110 - ", )u(l) (3 -IS) 
where u(1) is the particle ve locity on the pellicle at time I. 
For the laser wavelength A = 632.S nm, under normal ambient temperature and 
atmospheric pressure, 110 and 11 , are 1.33 and 0.32. respectively [153.154), so the constant 
11 ' = 110 - 11, is defined as the . effective' refractive index of plane waves, when a 
vibrometer is used in detect ing part icle velocity for plane waves, the effect of the acousto-
optic interaction can be accounted for by the use of an effective refractive index 
11 '= 1.01. 
3.2.2. Spher;cal wave field 
It is well known that plane waves can only be achieved under ideal condi tions, usually, 
acoustic waves radiated from a transducer will propagate with spherical form. 
Supposing that the acoust ic centre of a source is placed on the origin of the z ax is, with the 
laser beam from a vibrometer coincident with the z axis and incident perpendicularly on 
the pellicl e located at Z /, where z, is the positi on of the wave front at time 1 as shown in 
Fig. 3-S, then the acoustic pressure of a spherical wave can be denoted as: 
Pellicle 
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p(z,/) = A"e'l"-"I / z . 
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(3- 19) 
Vibrometer 
Fig. 3-8: Diagram of the pellicle-based interferometry in spherical wave field . 
then, Equation (3-14) can then be written as: 
2n . " expib 
q(t) = -2noa(/) + - ; Aoe-"'" f-==---dz. 
pc ZI Z 
The displacement at the pos ition z = z, can be expressed as 
where I Zo I 
a(l ) = 
Aoe,(b-4.t-,o) 
z,(iw lZo l) , 
-r,!;{X~kz;J'=:-:;- and !Po = - tan - , ( I / kz,) . ~I + (kz,)' 
The measured ve locity can then be deduced as : 
V(I) = - 2n; . u(z, ,1) . 
(3-20) 
(3-21 ) 
(3-22) 
Hence, 11,' is denoted as the 'effective ' refracti ve index of spherical waves, which is 
expressed as: 
(kz )' ex ,b, 
n' =n - n --' - exp-'b,( P 
s 0 'kz ' k 1+ 1 Z2 
(3-23) 
I f kz, > I, then, 11, * can be deduced as 
n *= n - n (kz,) [I 
s o, k . 
Z, +1 
_
_ ikz-,,~ ikz, ik (, _, >] + exp 1 I . 
(kz, + i)' (kz, + i)' (3-24) 
In contrast to the ' effective' refractive index of a plane wave, 11,* is dependant on both the 
frequency [and the positions of z, and z,. This arises partly from thp 'ariation in amplitude 
of the acoustic wave encountered by the laser beam and partly because the si mple 
relationship between the displacement and acoustic pressure is no longer applicable. 
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. 
Choosing z, =0.3 m, Z2 =0.9 m, the re lationship between the refracti ve index n, and 
cali brati on frequency f can be drawn as the curve in Fig. 3-9 [74), in which, n; is 
expressed in magn itude In.: I and phase tp,,, (n; = In; lexp'·" ). The num er ical calcul ation 
shows that although the expression of n; is complex, if the pell icle is posit ioned more 
than th ree wave lengths away from the transducer (z, > 31..), then the magnitude of n; will 
tend to the constant 1.01 again, whi le its phase will incline to zero. 
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Fig. 3-9: The effective refractive index n, * as a function of frequency in amplitude (left) 
and phase (right). 
In the above paragraphs, the concept of the ' effective' refractive index is developed for 
spherical waves under the condi tion that the optical beam passes through the acoustic 
centre of the source. However, in a scann ing measurement, the laser beam from a 
vibrometer will deviate from the acoustic axi , which will cause the piezo-opt ic effect to 
change correspondingly wi th the incident angle. 
3.2.3. Scallllillg measuremellt 
An opti cal scanning measurement can be implemented in different ways. To acq uire a 
strong refl ected optical signal, the optical beam should be kept perpend icular to the surface 
of the pellicle during the scanning as shown in Fig. 3-10. The related piezo-optic effect for 
the parallel optical beam scan is deduced in the follow ing paragraphs. 
Supposing that the vibrometer moves to position b along a line parallel to the pell icle, then, 
the laser beam is incident on the pellicle at point P where the acoustic wave deviates from 
the z axis by an angle (J, z, is the distance fr0111 wavefront on axis at time t, then the optical 
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path length detected by the vibrometer at time I can be given as : 
J =; -( =. lan O)~ 
q(l) = -2noG(I)cos8 + 2n~ Ao exp-"''' f 
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Fig. 3-10: The parallel opt ical beam scan in spherical wave field at an incident angle B. 
When the coordinate r is chosen along the radiating line passing through the point P as 
shown in Fig. 3-10. the following relationship exists: 
~zi -(z, tan8)' -z, dz = dr ( 8 < 90°) . 
z, -z, / cos8 
so. Equation (3-25) can be re\Vrinen as: 
() 2 () 8 2n, ~z; -(z, tan8) ' -z, A -'M 'f' exp"'dl' (J' -2S') q I = - noG I COS + 2 - " oe 
IX Z2 - z, /cos8 . f 0 () r 
_I cos +0 I 
Correspondingly, the effective refractive index at an angle Bean be expressed as : 
• 8 (kz,) ' ~ zi - (z, tan 8)' - z, _." (exp"" 
no =l1oCOS -11, --. exp , kz, + 1 z, -z, / cos8 kz, 
=2 /1:: 
i tx~ dz) 
" 
(3 -26) 
where r is the distance from the source to the fie ld point P. 
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Equation (3-26) shows when a vibrometer is used to detect acoustic fie lds with spherical 
form in the way shown in Fig. 3-10, with the increasing of the incident angle B, the 
pellicle movement will contribute smaller values to the change of the optical path length; 
on the other hand, as the laser beam will travel longer distances in the acoustic fi eld, the 
piezo-optic effect will produce bigger influences to the effect ive refractive index. 
Choosing 22 =1.2 m, the value of n~ as a function of the incident angle B is calculated at 
the frequency 1= 60 kH z for different 2,. Fig. 3-11 shows that in the condition of 2, > 31.., 
with the increasing of the angle B, the effecti ve refractive index no' decreases 
monoton ically before the angle 70°. At the angle 20°, the drop-off is about I dB, so, the 
pelli cle-based interferometer approximates the behaviour of a hydrophone with a 
di rectivity of around 40°. At the angle of about 70°, the optical path length change 
contri buted by acoustic pressures passing through the pell icle will cancel out the measured 
velocity component due to the movement of the pell icle. so. 110' drops to zero. This means 
that the optical vibrometer will perce ive there to be no acoustic wave. With the incident 
angle over 70°, the optical path length change contributed from 17, will become the 
dominant one, the magnitude of 110' will keep increasing sharply and the phase of no' 
will shi ft from zero to 180°, which will result in a negati ve effective refractive index. 
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Fig. 3-11 : no as a fun ction of the incident angle Bin magnitude (Ien) and phase (right) at 
di fferent 2,. (22 =1.2 m, 1= 60 kH z. ) 
Numerical simulation shows that in the condition of z, > 31.., 22 > I.Sz, and B< 40 ~ 
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Equat ion (3 -26) can be expressed approx imately as : 
(3-27) 
Choosing z, =50mm, f = I MHz, values of no' are calcu lated using Equation (3-27) fo r 
different Z2, whi ch are compared with the results from Equation (3-26) in Fig. 3- 12, it is 
found that the disagreement between the two Equations are less than I %. 
Moreover, ifz» > z" si nce the contribution from the piezo-optic effect become insensiti ve 
to the angle B, the effecti ve refractive index at an angle Bcan be expressed simply as: 
110 = 110 COS () -11, 
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Fig. 3-12: no as a fun ction of the incident angle Bat z, = 50 mm-f = I MH z 
( _. - resul ts from Equation (3-26), -- resu lts from Equation (3-27)). 
3.2.4. FocI/sed acol/stic field 
Si nce one goal of the present research is 10 measure focused acoust ic fields using optical 
interferometry. the piezo-optical interaction is studied around the focal region of a 
sphericaliy concave source with the arrangement shown in Fig. 3-13 . 
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Fig. 3-13: Diagram of the optical interferometry in measuring focused fields. 
As discussed above. when the vibrometer moves to position b and its laser beam deviates 
from the acoustic ax is (z axis) by the ang le B. the optical beam wili be modu lated by the 
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acoustic waves pass ing th rough the pellicle and the water as a function of incident angle. 
From the derivative of Equation (3-14), the output of the vibrometer can be deduced as: 
2n ' l 
v(r,z,) = -2nou,(r ,z, )+-'2 [i liJ fp(r,z)dz+c' p(r, z, )] 
IX " 
(3-28) 
where P(I", z) and 11,(1",2,) are the acoustic pressure and axial part icle ve locity as expressed 
in Equations (3 -10) and (3- 11 ), respecti vely. Since it is found that the item related to the 
piezo-optic index n, becomes insensitive to the incident angle B when B < 4(1', and 
z, » z" to make numerical calculations easily, the upper limit of the integral is expressed 
simply as z, ,which is the position of the wave fro nt on the axis z at time I . 
Although it is not possible to deduce an analyt ical expression for Equation (3-28). the 
output of the vibrometer can be simulated through the numerical calculation. Assum ing 
that the source has a radius a =20 mm, a radius of curvature D= IOO mm, and operates at 
1.0 Ml-l z. The resultant sim ulated acoustic fi eld can be presented as a co lour map as shown 
in Fig. 3-14. again, the term exp(ikz) is excluded in calculating phase changes. To 
compare results between acoustic pressure and the outputs from a vibrometer. the two 
parameters are normalised with factors pcuo and uo, respectively, and the normali zed 
pressure and the output of the vibrometer along the I" axis are compared at a few typical 
distances in Fig. 3-1 5(a)-(I). 
12 " 16 18 O. 06 08 12 l' \6 la 
vtl vtl 
Fig. 3-14: The simulated output from a vibrometer measuring a concave source in 
amplitude (left) and phase (right). 
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Fig. 3-15(b): A comparison of acoustic pre sure and output of a vibrometer at z = OAD. 
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The numerical simulation confirms that the pellicle-based interferometry can be used to 
accurately measure acoustic fi e lds in the far Fresnel zone. In the focal plane, the aco ustic 
pressure can a lso be measured correc!ly inside the main lobe, a lthough slig ht deviations 
will appear in the side-lobe regions. However, in the near Fresnel zone, the output from a 
vibrometer will deviate from actual acoustic pressure gradually with the measuremenl 
pl ane approaching the transducer. 
It should be remembered that the above simulations are based on the assumption that the 
surface curvature of the source is small so that the secondary diffraction is omitted. In 
highly focused acoustic fi eld, the use of interferometry may result in larger errors, 
part icularly in the near Fresnel zone. Moreover, the surface vibration has also been 
assumed to be unifomn, if some elements on the surface vibrate unusually, and the ir 
radiating waves are incident on the pell icle at larger angles, then the output of the 
vibrometer wi ll become complicated and lead to further errors. 
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3.3 Piezo-optic effect in the laser refractive method 
By aligni ng the laser beam to traverse an acoustic field and refl ect back from a mirror 
fixed outside the fie ld, the pressure-induced refrac tive index change along the optical 
beam wi ll be interpreted as a velocity by the vibrometer. ince this req uires no device to 
be placed in the acoustic fi e ld, such a method can achieve truly non-in vasive measurement. 
When the laser refract ive method is carried out in an arrangement as shown in Fig. 3-1 6, 
accord ing 10 Eq uation (2-9), a more general form for the output of the vibrometer can be 
expressed as [ 155]: 
d J', 
v(i) =2n,- JA(Y)COS[WI - <D(Y)}dY , 
dl ,., 
(3 -29) 
where y, and y , represent the posit ions at the beginning and the end of the piezo-opt ic 
interac ti o n region , A(y) and <J>(y) are the amplitude and phase of the acoustic pressure at 
the posit ion y , respectively. 
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Fig. 3-16: Diagram of the sen ing for the laser refractive techniq ue. 
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Compared with Equation (3-1 8), where an interferometer responds to both the panicle 
displacement on the pellicle and the acoustic pressure passing through the pell icle, using 
the opti cal refractive method, the output of the interfe rometer represents only the acoustic 
pressures along the opt ical path. 
To understand the perfo rmance of the optical refractive techn ique, Equation (3-29) is 
studied further in the plane wave fie ld . It can be deduced that when the laser beam 
penetrates the acoustic fi eld in parallel with the wave front, the amplitude of the 
vibrometer output signal can be written as : 
(3-30) 
which means that the output of the vibrometer is re lated to both the ampli tude of acoustic 
pressure and the acoustic beam width. 
When the laser beam deviates from the direction of the wavefront wi th an angle 0 as 
shown in Fig. 3-17, the output will become: 
11(0) = 4I1,Aocsin [k(Yl - )") tan 0]/ sin 0 . 
2 
y Laser beam 
Acoustic wave I 
~! I 
I I I 
- .- _._- - --- r - 1 - - I-I--T---i-_~ _ .-
I I z 
I I 
I I 
I I 
(3-31 ) 
Fig. 3-1 7: Diagram or the laser beam penetrating the acoustic fie ld with an angle O. 
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So, in the optical refracti ve method, the output will be dependent on the deviation ang le of 
the laser beam, where its 'directivity' can be acquired from Equations (3 -30) and (3-3 1): 
D(a) =1 2sin [k(Y2 - YI) tan(BI2) ] 1 
k(Y2 - YI )sin B (3-32) 
Assuming that the frequency is I MH z, andY2-YI = 7.5 mm , D(a) can be ca lculated and 
the result is plotted in Fig. 3- 18. As in the pellicle-based interferometry, the vibro meter 
will become less sensiti ve to acoustic waves with increasing deviat ion angle e. At cenain 
angles the acoustic pressures along the optical path will cancel each other out due to phase 
difference and the vibrometer wi ll provide zero response to the acoustic wave. 
Since the laser refracti ve method will give an output which is the integration of the 
acoustic pressure along the optical path, it is impossible to acq uire the acoustic pressure at 
a specific posit ion without prior knowledge about the acoustic fi eld, o nly with the 
applicat ion of the tomograph ic technique, can the laser refracti ve method be used for 
measuring and reconstructing foc used acoustic fi elds. 
Through the above analysis, it should be noticed that if the acoustic axis of the transducer 
changes its orientation during the rotation, due to the 'd irect ivity' of the laser refractive 
method, the interferometer will change its sensitivity accordingly. The positioning system 
for implementing the tomography should therefore ensure that the laser beam can be 
adjusted precise ly to be perpendicular to the acoustic axis of the transducer, and during the 
rotation of the transducer, the axis should be kept along its original direction. 
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Fig. 3-18: The directivity of laser refractive method. 
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3.4 Summary 
In a focused acoustic fi eld, the acoustic pressure and the axial particle velocity have a 
similar distribut ion around the focal region; however, the ir d istributions are diffe rent from 
each other in the near Fresne l region. 
Unlike the pe llicle-based interferometry implemented in a plane wave fi eld, the piezo-
optic effect appears in a complex form in a spherical wave field. However, when the 
measurement pos ition is more than three wavelengths away from the transducer (ZI > 31..), 
the 'effective' refractive index wi ll tend to a constant agai n. The simulation shows that the 
interferometry exhibits an inherent 'directivity ', so, its sensiti vity will change during a 
scanning meaSlIrement. 
Pe ll icle-based interferometry can be used to detect foc used acoustic fi elds in the far 
Fresnel zone. In the near Fresnel zone, the laser beam will be modulated in a complicated 
way and as a result, a vibrometer cannot produce an output which is pro portiona l to 
acoustic pressure. The numerical simulation shows that to get correct results, the pellicle 
should be set in the position at a distance from the transducer greater than half the 
curvature radius of the transducer (z > O.SD). 
The laser refractive method can be used to detect acoustic fi elds in non-i nvasive way, the 
output of the vibrometer is the accumulating effect of acoustic pressures along the optical 
path and dependent on the deviation angle of the laser beam. When the lase r refract ive 
method is applied to the tomographic technique, a precise posi tioning syste m must be 
equipped to keep the orientation of the measured transd ucer. 
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Chapter 4 
Measurement methodology 
In this chapter, the s trategy of the experiments adopted for present research is described firs t. Then, 
devices for detecting acoustic pressure are introduced, among them, the reflecti ve needle 
hydrophone is the specific-designed sensor for high intensity detection, its performance is 
ahalysed in deta il. Also, the e lectronic equipment and pos itioning facility composing of 
experimenta l sys tems are summarized, together with different types of focusing transducers 
adopted in the experiments. Finally, tluee kinds of experimental systems fo r investigat ing focused 
acoustic fi elds are introduced and their ad vantages as well as lim itations are briefly discussed. 
4.1 Strategy of experimental measurements 
In th is research, ex periments are des igned to verify the conc lusions developed from theoretical 
deductions, and to judge the feas ibility o f optical techniques in detecting focused fi elds and HIFU 
fi elds. 
A calibrated membrane hydrophone is used as the 'standard ' device and the absolute va lues of 
acoustic pressures w il l be derived from its output voltages. To avoid the damage to the membrane 
hydrophone, a re fl ective needle hydrophone is designed specifically and used in measurements 
when acoustic pressure is higher than 5 MPa. Its sensiti vity is calibrated through the comparison 
with the membrane hydrophone at relatively low levels, and then it w ill relay measurements to 
high levels. 
A Laser Doppler Vibrometer (LDV) is used to implement measurements in d ifferent ways. First, it 
is used in mapping acoustic fields to g ive virtua l images of acoustic beams and wavefronts. 
Secondly, with the a id o f an optical re fl ecti ve pe llicle, the vibrometer is used to acquire values of 
acoustic pressure in different ranges and at different driving levels, through the comparison with 
the resu lts from the hydro phone, the feasibility of the method is validated. Thirdly, to develop a 
non-perturbing technique, the optical refractive tomography is adopted to reconstruct focused 
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fields. 
It is des ired that through these experimental investigations, the merits and drawbacks existing in 
various methods can be revealed, moreover, the general criterion for using the optical 
interferometry correctly in measuring HIFU fields can be acquired. 
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4.2 Devices for detecting acoustic pressure 
In this secti on, the performances of membrane hydrophone, re flective needle hydrophone and LDV 
are described. Among them: LDV is primarily des igned for detecting the vibration of a target 
surface, its capabi li ty should be re-assessed accord ing to acoustic pressure measurements. The 
re fl ecti ve needle hydrophone is specifically designed for measuring acoustic fi elds, however, 
different from trad it io nal hydrophones, its active element is separated from the detecting position, 
so, the analysis of its performance concentrates on its nonlinear behaviour which may happen in 
high intensi ty measurements. 
4.2.1. Membralle IIyt/rop/lOlle 
(1) Structure 
The Y-33-76 I I membrane hydrophone from GEC-Marconi Corporation as shown in Fig. 4- 1 is 
used as the reference device in the research. The hydrophone consists of two layers of 25 ~lIn 
PVDF film which is stretched over an annu lar ri ng with an internal diameter 100 mm, so that most 
of the ultrasound beam can pass through it. Gold e lectrodes are deposited on the surfaces of the 
fi lm in the cent ra l area with a diameter of 1.0 mm, which is poled and forms the active e lement of 
the hydrophone. To offer a good electrical shielding fo r the active e lement, both sides o f the 
membrane are coated wi th gold layers. 
(2) Performallce 
The membrane hydrophone exhibits a smooth receiving response in the frequency range from 
I MH z to 15 MI z, and the ca libration data from NPL reveals that its end-of-cable open-c ircuit 
sensiti vity is about 0 .1 IlVlPa at 7 MH z. 
(3) Usage 
As mentioned before, the fil m of the membrane hydrophone will re flect acoustic waves 
significantly in the h igh megahertz range, so, tone burst signals are adopted in the measurements 
for acoustic pressures . 
To avoid the damage to the hydrophone, it is used in the measurement when acoustic pressure is 
lower than 5 MPa. 
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F ig. 4-1: Photo ofGEC-Marcon i Y-33·76 I I membrane hydrophone. 
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Fig. 4-2: Sensiti vity of Y-33 -76 I I hydrophone in the frequency range I MHz to 15 MH z. 
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4.2.2. Reflective needle /tydropllOne 
(J) Struct 11 re 
The refl ective needle hydro phone consists of a thin rod or needle, a connecting frame and a 
receiving hydrophone as shown in Fig. 4-3. The receiving hydrophone is constructed from a 
concave PZT ceramic with a thickness of 0.2 mm, resulting in a resonant frequency as hig h as 
10 MHz. The need le is made of stain less steel and tapers to a 0.3 mm tip (flat end) with an overall 
length of 60 mm. The connecting fram e is used to hold the needle with its tip positioned inside the 
foca l region of the transducer with an ang le of 45° between the acoustic axis of the receiving 
hydrophone and the fl at plane of tip surface. To avo id holding micro bubbles in the concave 
surface of the rece iving hydrophone, it is placed at the bottom of the device and in a face-u p 
position. 
(2) Performance 
The performance of the refl ective needle hydrophone is determined mainly by the receiving 
response o f the hydrophone e lement and the refl ective characteristics of the tip. When the 
re flecti ve need le hyd rophone is used to measure the acoustic pressure around the focal region of a 
HIFU transducer, the refl ected waves from the flat tip can be regarded as those radiated from a 
piston source, since the incident focused acoustic waves are planar in nature. When the incident 
wave is normal to the end of the need le, the ampl itude of the reflected wave at freq uency [ , an 
angle a to the di rection of the incident wave and the distance rcan be expressed as [1 56]: 
p'U,y, B) = ~ P,,(/) kci' (Z'" -Zw )[2J J (kaSinB)] , (4- 1) 
2 r Zm + Zw kasmB 
where Po (f) is the amplitude of the incident wave at the tip if it is removed, a is the radius o f the 
tip, JJ is the Bessel function of the first kind, and Z., = 1.48 x IO' kg· II/ -2·s -' and 
l", = 43.7 x 10 ' kg . 11/ - 2 . s -' are the characte ristic acoustic impedance of water and stainless steel, 
respectively. 
Jfthe acoustic wave is incident on the end of the needJe with an ang le of 45° as shown in Fig. 4-3, 
the direction normal to the inc ident wave becomes (} = 0 for refl ected waves, and the reflection 
loss can be written in decibel form as: 
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R = 20 log,o( p,) = 20 log,o[ka' (2", - :. )]. 
Po r 2",+2 •. 
(4-2) 
To get a better understanding of the reflection ability of a thin rod, the reflection loss at the angle 
8 = 0 and the distance y=50 mm are calculated for a 1.0 mm-diameter tip and a 0.3 mm-diameter 
tip. The reflect ion loss fo r each ti p is shown in Fig. 4-4 in the frequency range from I MH z 10 
15 MH z. 
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Fig. 4-3: Schematic diagram of the reflective needle hydrophone. 
o 
·10 
·20 
..,. 
ir·3Q 
- 40 
·50 
3 s 7 9 11 13 15 
le .... ) 
Fig. 4-4: Refl ection losses of the rods as the functi on offrequency 
(-a- I mm tip, -0- 0.3 mm tip). 
Fig. 4-4 shows that the amplitude of the acollst ic pressure refl ected from the I mm tip will 
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decrease by around 34 dB at I MHz and 10 dB at 15 MHz after the reflected wave travels 50 mm. 
For the 0.3 mm tip, an extra 20 dB reduction will be achieved in the same frequency range. So, if a 
tip with a smaller diameter is chosen to contribute better spatial reso lution, the hydrophone will 
have a correspondingly lower sensitivity. In practice, the size of the tip should be decided 
accord ing to the requirements for both the spatial resolution and the receiving response. 
Most transducers used in surgical app lications operate in the frequency range 1- 4 MH z [16], with 
amplitudes below 10 MPa at the ir fundamental frequencies [24, 157]. For the reflective need le 
hydrophone, the acoust ic pressure at the surface of the hydrophone can be predicted using 
Equation (4-1), and Fig. 4-5 shows that in the frequency range 1- 4 MHz, when the amplitude of 
incident waves is 10 MPa, the acoustic pressure reflected from a 0.3 mm tip will decrease to less 
than 100 kPa after propagating 50 mm. So, in the reflective needle hydrophone, the active e lement 
of the hydro phone wi ll locate in the region with weak acoustic pressure, the danger of destroying 
sensors can be avo ided. 
80 
70 
60 
.. 
/' 
,/ 
" 
20 
.,,/'" 
10 
o 
1.5 
./ V 
2. :; 
r04l1x) 
/' 
V 
V 
3.5 
Fig. 4-5, The amplitude orthe reflected wave at the surface of the hydrophone 
The problem about the applicat ion of reflective needle hydrophones is the nonlinear propagation, 
since the receiver is set a few cent imetres away from the tip which will intercept the measured 
acoust ic wave, if the reflected wave propagates non linearly, the acoustic energy will be transferred 
into its higher harmon ics. If the reflective needle hydrophone is calibrated at relat ive ly tow 
acoustic intensity, the nonlinear propagation will result in a change of its sensitivity, which will 
make measurement results unreliable. For this reason, it is recommended that the sensitivity of a 
reflective need le hydrophone should be cal ibrated under acoustic pressures which are comparable 
with the ones in measured HIFU field s. 
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(3) Advalltages alld Iimitatiolls 
Compared with a membrane hydrophone, the reflective needle hydrophone can be used for 
measuring focused fields wi th higher acoustic pressures. Since the tip can easily be manufactured 
in small sizes, the reflecti ve needle hydrophone can provide a high spatia l reso lution. Above all , 
this kind of hydrophone can detect continuous waves with no risk of damage, which makes it 
especially suitable fo r measuring HIFU field s. 
However, the sensitivity of a re fl ecti ve need le hydrophone does tend to exhibit fluctuations in the 
megahertz range. To get the value of the acoustic pressure, its sensitivi ty at each interested 
frequency shou ld be calibrated before measurement. To reduce the influence of the wave coming 
directly from the acoustic source, this kind of hydrophone is only suitable for measurements 
around the foca l reg ion of a transducer, where acoustic pressures are much stronger than those 
beyond the focal region. Also, the measurement error will become larger with the increasing 
acoustic pressure due to nonlinear propagation and so carefu l assessment is required when dealing 
with high intensity measurement. 
4.2.3 Optical vibl'Ollleter 
(I) Composilioll 
The LDV used in the experiments reported here is a commercial Polytec Scanning Vibrometer 
(PSV-200). As shown in Fig. 4-6, th is type of vibrometer comprises of an optical scanning head 
(OFV-056) and a vibrometer controller (OFV-300 I), the OFV-056 scanning head includes an 
OFV-303 sensor head with a pair of scanni ng mirrors. 
(2) Performance 
A measured target can be placed as close as 30 cm to the head of the vibrometer, and when the 
stand-off distance is less than I m, the diameter of the laser beam can be focused to a s pot of less 
than O. I mm diameter, which makes it suitable fo r the measurement of focused fi e lds in the 
megahertz range. 
The scanning mirrors in the OFV-056 optical head are driven by a servo system wh ich can control 
the laser beam over a ± 20° deviation from the normal, in the vertical and horizontal pl ane with a 
resolution of 0.0 I 0. For I III stand-off distance between the scanning head and the measurement 
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plane, a scan reso lution of 0. 17 mm can be achieved. 
The OFV-300 1 controller can accommodate di fferent veloci ty and displacement decoders to cover 
a range of different dynamic ranges and frequency bandwidths. The OVD-30 decoder allows the 
phase of the Doppler signals to be measured, which is directly related to the displacement of a 
vibrating surface, to provide a displacement measurement range from less than one A ngstrom up 
to 75 nm in the frequency range 50 kHz to 20 M Hz. 
(3) Limifafiolls 
Most commercial vibrometers are designed for a frequency range lower than 200 kHz for 
vibration appli cat ions. At the high megahenz range the decoders do have a limited displacement 
dynamic range, w hich cou ld be a l imi tation for the measurement of acoustic pressure. For example, 
if the OVD-30 decoder is used for measuring ultrasonic waves, the max imum measurable pressure 
will be less than I MPa at I M Hz. 
OFV-056 optica l head 
i 
Vibrometer controller (OFV-300 I) 
Fig.4-6: Photo of a Polytec PSV-200 scanning vibrometer. 
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4.3 Equipment used in experiment system 
4.3.1 Electrollic illstrumellt 
Besides sensors for detecting acoustic pressures, electron ic instruments were used in constructing 
measurement systems and the ir specificati ons are described briefly. 
(1) Gellerator 
The Agilent 33 120A function generator was used to output signals. This type of generator can 
produce cont inuous wave in the frequen cy range 0. 1 mH z to IS Ml-I z, and generate signals in 
sinusoidal tone burst in the frequency range from 0.1 mH z to 5 MH z. 
(2) Power amplifier 
The signal from the generator was fed to the Model 150A 100B Power amplifier of AR 
Worldwide to drive the projector. It is designed to work in the frequency range 10 kH z to 
lOO MH z, and in ideal condit ions, it can produce an electric power up to 500 W. 
(3) Filter 
Output signals from the vibrometer or hydrophone were cond itioned using the FV -628B filter, it 
can be used as a low-pass and band-pass filter in the frequ ency range I Hz to 10 MH z, and high-
pass filter in the frequency range I Hz to 3 MHz. With the filter section being set to THRU, the 
instrument can also be used as a buffer amplifier that o perates within a range from DC to 20 MHz. 
(4) Digital oscilloscope 
An Agilent 54624A Digita l oscilloscope was used to digitise the s ignals from the hydrophone or 
vibrometer, this type of osci lloscope can provide a 200 MSa/s sampling rate and 8 bits vcrtical 
resolutions, the input signals can be averaged to increase the signal to noise ratio before they are 
converted into digi tised signals. Fi nally, digitised signals were transmitted into the remote 
computer, through the Discrete Fourier Transform (DFT) a lgorithm, their amplitudes and phases 
were acquired. 
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Fig. 4-7: Electronic instrument and the typical configuration in measurement system. 
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4.3.2 Positiollillg system 
To characteri se a focused field, a hydrophone or an optical pellicle should be accurately placed at 
specific positions in the fi eld. To acquire a distribution of the acollstic fie ld, a positioning system 
is required and this can be driven in a scanning mode to obtain the required measurements. 
The positioning system used 10 carry out HIFU measurements is shown in Fig. 4-8, which consists 
of two carriages and can make linear movements in X, Y, Z directions and rotation about a vertical 
axis. One of the carriages is controlled through a computer and can achieve a linear resolution of 
50 ~lm and a rotation resolut ion of 0.05°. 
To make a scanning operation, unli ke most traditional ways, the transducer is fi xed on the carriage 
wi th remote control and driven to make movement, while the membrane hydro phone or pell icle 
will keep motionl ess. The reason for such operation comes from the fac t that moving a membrane 
will cause it to sway for a longer time, another advantage of such an arrangement can be seen from 
Fig. 4-9, where the membrane hydrophone is used as the renecti ve pellicle as well , the laser beam 
of the vibrometer can be pointed at the active element of the hydrophone all the time during a 
scanning measurement . 
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Fig. 4-8: Positioning system used in H IFU measurements. 
Fig. 4-9: The experiment arrangement where a membrane hydrophone is used as the optical 
reflective pelli cle. 
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4.3.3 Waler medium 
Water was chosen as propagation medium in the experiments, as discussed before, during ultrasonic 
measurements at high levels, bubbles may be drawn out of water and cause instabilities to resllits, 
so, it is absolute ly necessary to degas the water medium to decrease the effects of cavitation. 
There are a few methods to degas water medium [158, 1591, and commonly acceptable ones are 
descri bed below. 
(I) Degassillg by a low-pressllre level 
By app lying a vacuum (2 to 2.5 kPa) to the water, and after a period of 24 hours the dissolved 0 ,-
concentration can be as low as I mgll. 
(2) Degassillg by Ireal 
Boi ling water for 5 minutes and cooling down in reservoir to be low 23 cC, the dissolved 0 ,-
concentrat ion ~an be as low as 2 mgll. 
(3) A dtlilioll ojNa,sO) 10 lire waler 
Another method is to add sodium sulphite (Na,SO,). Experiments have shown that by add ing 2 gll 
of Na,SO" the disso lved O,-concentrat ion can be kept lower than I mg/l for over 20 hours. 
To carry Ollt high intensity measurements, water med ium was degassed using the low-pressure 
level method for 24 hours in present experiments, and for the measurement lasting over night, 
Na,SO, was added to the water in the content of 2 g/l so that the O, -concentration can be kept at a 
low level fo r longer ti me. 
4.3.4 Focusillg trallsducer 
A variety of transducers were adopted in the research, among them, four focusing transducers 
were involved in most of the measurements, their physical dimensions and working frequenc ies 
are given below for reference. 
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(1) PCS-ltrallsducer 
This focusi ng transducer is made of a piece of curved PZT shell as shown in Fig. 4- 10. T he active 
e lement has an outer diameter of 60 mm with a radius of curvature of 120 mm, and the resonant 
frequency of the transducer is measured as 520 kHz. 
(2) PCR-2 trallsducer 
The transducer is used in a HIFU system working at 1250 kH z, it is made of a piece of curved 
PZT ring. The outer diameter of the ring is 110 mm and its radius of curvature is 120 mm. The 
inner hole has a diameter of 50 mm which is reserved for fix ing a B-mode probe which is covered 
during the experiment with a meta l cap as shown in Fig. 4-1 1. 
(3) PCD-3 trallsducer 
This focusing transducer consists of a disc of piezo-composite material ( 1-3 PZT) and an acoustic 
lens. The 1-3 I'ZT disc as shown in Fig. 4-12(b) has a diameter of 50 mm, and the acoustic lens is 
made of plastic mate rial. The transducer has a focal length of 88 mm has a resonant frequency of 
1700 kH z. 
(4) PRA-4 trallsducer 
The transducer is from a H IFU system with a structure as depicted in Fig. 4-13, a PZT ring with a 
130 mm outer diameter and 50 mm inner hole is used as its active elemenl. T he acoustic lens is 
made of aluminium and has a radi us of curvatu re of 126 mm. The transducer is des igned to work 
at 800 kHz, however, when it is driven by the AR World wide Power amplifier, the maximum 
acoustic pressure appears at 350 kH z, which is chosen as the driving frequency in measurements. 
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Fig. 4-10: PCS-I transducer made of curved PZT shell. 
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Fig. 4- 11 : PCR-2 transd ucer made of curved PZT ring. 
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(a) 
(b) 
Fig. 4-12: r eD-3 transducer made of 1-3 r ZT material wi th an acoustic lens. 
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Fig. 4- 13: PRA-4 transducer made ora PZT ring and an aluminium lens. 
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4.4 Experimental systems 
4.4.1 Two-dimellsiollal mappillg acollstic fields 
(/) Measuremellt system 
The experimental arrangement using optical interferometry to map acoustic fields is shown 111 
Fig. 4- 14. 
Posi tioni ng 
System 
Projector 
Trig 
Retro- Reflective material 
: : 
Vibrometer 
Fig. 4.14: Schematic diagram of the experimental system for mapping acoust ic beam. 
The measurements were carried out in a glass water tank fill ed with degassed water, the transducer 
was fi xed into the tank through the positioning system with its acoustic beam aligned a long the 
length of the tank. The scanning vibrometer was positioned outside the tank with its laser beam 
aligned perpendicular to the acoustic axis of th, " ,nsducer. The distance between the optical head 
of the vibrometer and the acoustic beam was a round I m, so the scanning angle could be kept less 
than 10 when mapping the focal region of a ty pical focusing transducer working in the megahertz 
range. Minimising the scanni ng angle reduces the influence of the deviation angle such that it can 
be assumed to be negl ig ible. The laser beam passes through the front wall of the tank and impinges 
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on an optical renector attached to the rear wall of the tank. The renector consists of a rigid plate 
covered with a 3M retro-renective material, which cons ists of a layer of microscopically smooth 
g lass beads, so that good optical return can be achieved dur ing the scanning operation. 
(2) Operatillg procedure 
To map acoustic fi elds propagating a long the acoustic axis, the vibrometer is set to scan an area of 
the renector, a grid of specified increments in the z (a long the acoustic beam) and y (vertical to the 
acoustic beam) directions established on the target, with each measurement point being recorded 
by the scanning vibrometer decoder. 
To isolate the di rect acoustic path signals from renected ones, the function generator is set to 
produce time-gated tone burst signals and its output is amplified and then sent to the source 
transducer bei ng measured. The water tank is 1.2 m in length, 0.6 m in both width and depth, and 
the measured projector is fi xed in the central region of the tank. The length of tone-burst signalS is 
chosen as about 200 ,'S (correspond ing to a phys ica llenglh of 0.3 m), so that the renections From 
the water surface and tank walls can be isolated fro m the d irect path signa l. 
During a scanning measurement, the amplitude and phase of the signal at each position are 
acqu ired wi th the DFT algorithm integrated in the Polytec vibrometer, where these values are 
related to the rate of pressure change on the optical path. The sampl ing length used for carrying 
out DFT algorithm is between 100 ps and 200 ,IS, and the transient regions at the beginning and 
the end of acoust ic signals are removed from the sampling during scanning measurements. As the 
vi brometer decoder is synchronized with the trigger signal from the Funct ion generator, the re lative 
phase differences at each point can be acquired. Hence, a viswilised figure of the instantaneous 
acoustic waves can be obtained from the scanning measurement. 
(3) Advantages alld limitflliolls 
With the aid of a scanning vibrometer, vi rtual images o f acoustic field s can be acquired rapidly. 
However, since the signal received by the vibrometer is the accumulating effects of the acous tic 
pressure along the acousto-optic interaction length, the absolute value of the acoustic pressure at a 
part icular point will be unknown. 
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4.4.2 Measuremellt of acoustic pressure at a poillt 
(1) MeaslIremelll ~:vslem 
The experimental arrangement for the measurement of abso lute acoustic pressure is shown in Fig. 
4-15. In this arrangement the transducer was aligned in the water tank using a positioning system 
which can be controlled to perform hori zontal and vertical scanning. The laser beam of the 
vibrometer entered the water tank through an optical access window and impinged on the pellicle. 
As shown in Fig. 4· 16, the pellicle is made from a S-I-un·thick Mylar membrane, coated with a 
gold layer of 25 nm, stretched across an annular frame which has the same internal diameter as in 
the membrane hydrophone. This design enab led the pellicle to directly replace the membrane 
hydrophone so that the optical particle velocity measurement in the water med ium was 
comparable to the acoust ic pressure measurement performed using the membrane hydrophone. 
GPIB Bus 
..., 
" Generator Osci lloscope Filter I ~J. L I 
-ot Amplifier Computer Pream pl ifier -
U 
Transducer Positioning Hydrophone 
r- system 
:> ~-- .. --~---------- -- - -~ - - ------ ----
7 J Vibrometer I ( 
............. ~ :> Tank Pell icle Window 
Fig. 4-15: Schematic diagram or the measurement system using the optical method . 
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Fig. 4-16: The optical reflective pell icle made from a 5->tm-thi ck M ylar membrane. 
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The laser beam was aligned on the acoustic centre of the source transducer, with the membrane 
hydrophone and then the pellicle being inserted in-line with both the acoustic axis and the laser 
beam. Positioning the active element of the membrane hydrophone in-line with the laser beam 
ensures direct comparability between the acoustic pressure measurement and the acoustic particle 
velocity measurement. 
The source transducer was driven by the function generator and the power amplifier with a 
discrete frequency tone-burst. Output signals from the vibrometer and membrane hydrophone 
passed through the same filter and were captured using the digital oscilloscope. Both signals were 
then analysed using the DFT algorithm to get amplitudes and phases at each measurement point. 
(2) Operating procedure 
Using the measurement system described above, both acoustic pressure and particle velocity can 
be measured. In addition to this, the distribution of acoutic pressure or particle velocity can also be 
established by scanning the acoustic field in a two-dimensional plane normal to the direction of 
propagation. This can be achieved by translating the source transducer vertically and laterally 
relative to the measurement location. The scanning system is controlled by a computer via GPlB 
BUS, and specifically designed softwaie ensures that the experiment can be carried out in the 
following procedures: 
. I) The generator outputs the desired drive frequency and voltage , to isolate direct signals from 
the reflected signal coming from the frame, the length of tone burst signals is' kept less than 
30 fis in measurements. 
2) The positioning system scans the desired area with the chosen spatial resolution; 
3) The last 4-cycle acoustic signal in the steady-state region is digitised from the oscilloscope; 
4) The digitised signal is analysed using the DFT algorithm to extract the amplitude and phase 
at each measurement point; 
5) The distribution of the acoustic field is obtained in amplitude and phase for the measured 
region once the scan is complete. 
For the measurement of particle velocity, the optical reflective pellicle is fixed on the holder and 
the laser beam of the vibrometer is focused on the pellicle surface, the distance from the head of 
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the vibrometer to the pellicle is set around 30 cm, so that the laser beam can be focused into a 100-
flm diameter spot. To get the distribution of particle velocities, the transducer should be translated 
vertically and laterally relative to the laser spot position. 
It is also possible that the membrane hydrophone can be used as the optically reflective pellicle by 
aligning the laser spot on the center of its active element. This provides a convenient comparison 
of acoustic pressure and particle velocity without the need to physically disturb .the measurement 
setup. 
(3) Advantages and limitations 
With the experimental set-up described above, the acoustic pressure and its distribution can be 
measured. accurately using a membrane' hydrophone without any demanding laboratory 
requirerr:ents. However, the membrane hydrophone is limited to the measurement of acoUstic 
fields below 5 MPa without risk of damaging the hydrophone. In the megapascal range it also 
necessary to use degassed water. 
Using the optical method, the particle velocity can be measured directly and transformed into 
acoustic pressures. A scanning vibrometer can provide the possibility of measuring the distribution 
of the acoustic field efficiently and with high spatial resolutions. Scanning the laser beam rather 
than the source transducer is far more rapid and so high spatial resolution can be achieved without 
compromising scan time. However, as discussed above, the measurement can only be carried out 
in specific regions where acoustic waves travel in planar or spherical form. 
So, to measure the higher acoustic pressures of greater than a few inegapascal, reflective needle 
hydrophones will be used to perform measurements in the focal plane of a HIFU transducer.' 
. 4.4.3 Tomographic measurement and mapping of acoustic fields 
(I) Measurement system 
The tomographic experimental set up for the optical tomographic measurements is ,depicted in 
Fig. 4-17. The measurement is carried out in a glass tank with a length of 1.5 m; a width 0[0.8 m 
and depth of 0.8 m, the positioning system holds the source transducer vertically, and the laser 
b~am of a vibrometer is aligned perpendicular to the acoustic axis of the transducer. During the 
measurement, the transducer is rotated around its acoustic axis and translated across the laser 
beam. To achieve a small optical spot size through the acoustic beam, the vibrometer is positioned 
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around I m from the tank with the mirror positioned on the far-side of the tank. Tone-burst signals 
are used to drive the source transducer to allow isolation of the direct signals from any reflections 
in the tank. The use of tone-burst signals also allows any vibration of the mirror due to the 
acoustic arrival to be gated out from the direct measurement. The output signals from the optical 
vibrometer are digitised through an oscilloscope and analysed using the OFT algorithm to get the 
values of each acoustic pressure in amplitude and phase. 
I Generator I I Computer I Oigitizer I I 
I Amplifier I Positioning Filter system 
\.. ~ 
--------~- ----------~ 
~ 
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1\ • ),,,.11 
Fig. 4-17: Schematic diagram of the experimental system for tomographic measurement. 
(2) Operating procedure 
To achieve an accurate tomographic reconstruction, the transducer needs to be fixed on the 
positioning system with its acoustic axis in-line with the rotation axis. The whole system is 
controlled by a computer via GPIB BUS, and the measurement is implemented in the following 
procedures: 
I) The function generator and power amplifier output the discrete frequency tone-burst 
drive signal, to isolate direct signals from the reflection from the mirror, the length of 
the tone burst is kept less than 100 f.ls in measurements. 
2) The positioning system positions the transducer so that its acoustic beam scans across 
the laser beam at discrete steps; 
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3) The oscilloscope adjusts its scale to digitise the received signals during the scanning 
measurement, to deal with the large changes in acoustic pressure; 
4) The last 4-cyc1e acoustic signal in the steady-state region is analysed using the DFT 
algorithm to get their amplitudes and phases at each measurement position; 
5) After a line scan is completed, the transducer rotates through a discrete angle around its 
acoustic. axis to carry out the next line scan. 
After the rotation is completed in the range 0 to 180·, the results will be recorded in a two-
dimensional matrix, which is fed into the tomographic algorithm to reconstruct the acoustic field. 
(3) Advantages and limitations 
Using optical vibrometry, the distribution of an acoustic field can be reconstructed through laser 
refractive tomographic measurement. Since the laser beam diameter can be reduced to a few tens 
of micrometers along with the high megahertz range capability of the vibrometer, the acoustic 
field can be acquired with very high spatial and temporal resolutions. Although not described here, 
the application of a scanning vibrometer to this measurement arrangement may notably shorten the 
duration of the measurement, removing the need to, physically move the source transducer across 
the laser beam. 
However, in the tomographic system, a precise positioning system is needed to ensure that the 
measured transducer can be aligned to rotate around its acoustic axis. When a measurement is 
implemented in the high megahertz range, the accuracy and stability" requirements of the 
positioning system do become quite demanding. Also, due to the accumulating effect of the 
acoustic pressure along the laser path, small acoustic signals may induce large dynamic outputs at 
the vibrometer. To measure the acoustic pressure 'of high amplitude fields, it might be necessary to 
use a bespoke vibrometer, designed to have a large dynamic range. 
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ChapterS 
Measurement results 
The values and distributions of acoustic pressures are measured around focal regions of a 
number of transducers using the measurement systems and detecting devices described in 
Chapter 4, and the results of these are presented in this chapter. The experiments for 
mapping different acoustic fields are described and related images are presented in the 
following sections. Comparisons are then made between membrane hydrophone and 
optical interferometer measurements at the fundamental and secondary harmonic 
frequencies. Finally, acoustic pressures with high intensity are measured by means of a 
. . 
reflective needle hydrophone. 
5.1. Acoustic field mapping 
In this section acoustic fields radiated from a piston transducer and a focusing transducer' 
are mapped using the scanning optical vibrometer. In addition to this, acoustic fields in the 
. . . 
presence of reflected waves and diffracted waves are imaged using the same method. 
5.1.1. Acoustic waves radiated from a piston source 
The piston source used in the experiment is made of a PZT disc with 15 mm in diameter, 
the system shown in Fig. 4-15 was adopted to carry out the measurement. In the 
experiment, the vibrometer was put 60 cm away from the acoustic axis of the transducer 
and the laser beam was focused on the reflective panel placed around 10 cm behind the axis 
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. of the source. To get a clear view of the diffracted waves, the scanning was made in the 
region just behind the edge of the transducer. 
The wavefronts and the acoustic beam of the piston are shown in Fig. 5-1 and Fig. 5-2, 
where the transducer was driven at 200 kHz and 400 kHz, respectively. In· Fig. 5-1, since 
the piston was driven at relatively low frequency, the dimension of its active element is 
only two times larger than the wavelength and the acoustic waves therefore spread 
approximating a spherical form. Fig. 5-1 is a wavefront plot so the amplitude of the wave is 
indicated by the brightness and the phase by the colour. In Fig. 5-2, with the increase of the 
working frequency, although the waves diffracting from the edge of the piston can still be 
. observed, most of the energy propagates along the acoustic axis and this is clearly observed 
in the magnitude beam plot where the magnitude is indicated by the colour. 
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Fig. 5-1: Acoustic pressure field radiated from a piston at 200 kJ-l z in instantaneous 
ampli tude. 
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Fig. 5-2: Pressure amplitude of beam radiated from a piston at 400 kJ-l z in magnitude (left) 
and phase (right ). 
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A !though acoustic pressures in the near fie ld region distribute in a complicated manner, the 
images acquired from the optical interferometry allow general featu res about the acoustic 
field to be observed, making this technique useful for analysi ng the qualitative performance 
of a transducer. 
5.1.2. AcollSlic field arolllld Iilefocal regioll of a SOllrce 
The focal region of a Panametri cs V3438 transducer was detected with the same method, 
and its instantaneous acoustic waves are plotted in Fig. 5-3. Th is fi gure shows that acoustic 
waves radiated from the transducer travel in converging form in the near Fresnel zone with 
increasing acoustic intensity. In the focal plane, acoust ic waves are shown in the planar 
form ins ide the main lobe. and beyond the focal region the acousti c waves travel in a 
divergi ng fo rm with decreasing acoust ic intensity. 
Fig. 5-3: Acoustic pressure field radiated from a focusing transducer at 600 kHz in 
instantaneous amplitude. 
5.1.3. Refleclioll frail/a glass sileel 
The acoustic fi eld in the presence of reflected waves can be imaged by means of the optical 
method. In the experiment, a glass sheet with a thi ckness of 3 mm was placed in the water 
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tank vertically, and the piston source was fi xed in a position ing system with its acousti c 
beam inc ident on the sheet at an angle of 45° as shown in Fig. 5-4. The far-field of the 
source is beyond 75 mm from the surface of the transducer at 500 kH z, the distance 
between the transducer and the sheet was 150 nHn so that the acollstic waves can be treated 
in the planar form when they approach to the sheet. The scann ing was implemented mostly 
in the reg ion containi ng re fl ected waves, and a small region beh ind the sheet was scanned 
to view the transmitted waves. 
It is shown in Fig. 5-5 that the incident waves propagate from the top left region before 
being re fl ected by the glass sheet. In the central part, the re flected waves interact with the 
inc idenl waves and in the bottom left region the waves re fl ected by the sheet are the 
dominant ones. At 500 kHz, most of the acoustic waves are reflected by the sheet, so the 
transmiss ion waves are quite weak as shown behind the sheet. 
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Fig. 5-4: Selli ng for carrying out the reflection experiment. 
Fig. 5-5: Reflection and transmission waves from a glass sheet at 500 kHz. 
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5.104. Diffraction from a stainless steel rod 
To assess the feas ibility of the optical me thod for the detection of diffracted waves, the 
glass sheet was replaced by a s tainless steel rod with a diameter of 3 mm, with all other 
settings be ing the same as in the refl ection experiment. The scanning area was a square 
above the top of the rod as shown in Fig. 5-6, and the piston Source was dri ven at 600 kl-l z. 
It is shown in Fig. 5-7 that the acoustic waves diffracted from the end of the rod spread in a 
spherical fo rm, since the diameter of the rod is comparable with the acoustic wavelength, 
most of the diffracted waves propagate towards the top right of the scanning region. 
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Fig. 5-6: Sen ing for carrying out the diffraction experiment. 
Fig. 5-7: Acoustic waves diffracted by a 3 mm-diameter rod at 600 kHz. 
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5.2 Measurement of acoustic pressure with low amplitude signals 
5. 2. J Attlte funt/lImental frequency 
Acoustic pressures around the foca l region were measured using both the vibrometer and 
the membrane hydrophone. To make a comparison between the two methods conveniently, 
the hydrophone was used as the optically reflective pe llicle. 
The r e D·3 transducer was used as the focused source, and the measurement was performed 
fi rst at its foca l plane, 85 mm away from the front surface of the transducer. 
Si nce the dynamic range of the OVD30 decoder on the Po lytec scann ing vibrometer is 
75 nm, which corresponds to an amplitude of around 1.2 MPa at the measured frequency of 
1.7 MHz, only a sma ll dri ving power was fed into the transducer to limit the maximum 
acoustic pressure to less than 600 kPa during the experiment. 
The laser beam of the vibrometer was focused on the active element of the membrane 
hyd rophone, whi lst the source transducer was scanned along a horizonta l line, allowi ng the 
profi le of the acoustic fi eld to be measured using both the vibro meter and membrane 
hydrophone. 
Since the sensitivity of the membrane hydrophone has been calibrated, the acoustic 
pressures were calculated accurately from the output of the hydrophone. To validate the 
opt ica l method, the outputs of the vibrometer were transformed into particle velocities first 
accord ing to Equat ion (2-8), in which the 'effecti ve' re fractive index in the plane wave fi eld 
was adopted, then, aco ustic pressures are acqui red from the c lass ic eq uation p = {Xli . The 
vibrometer and the hydwphone have different phase responses, which have not been 
calibrated yet; to compare phase distributions, an extra 40° is added to the results from the 
vibrometer, so that the phase values obtained by the two methods are nearly the same in the 
far Fresne l zone. 
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The profi les acquired from the vibrometer and hydrophone are shown in Fig. 5-8. in which 
the symbol '- -,, - ' denotes the results from the hydrophone, and ' - , the results from the 
vibrometer. It can be observed that the amplitudes are in good agreement. with the la rgest 
disagreement being less than 15 kPa which appears in the fi rst side lobe. 
This process was repeated for scanning planes at increasing source transducer stand-off 
distances. The transducer was moved away from the membrane hydrophone in 5 mm 
increaments, and the profi les produced by the two methods are compared in Fig. 5-9. 
"" "" 
.. 
'" 
"" 
DJ 
"" 
"" E 
-;-"" 
m i. ISO 
lIIl 
100 
100 so 
'. . , '. , , 
• ... 1 
Fig. 5-8: Profi les in the focal plane for amplitude (left) and phase (right). 
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Fig. 5-9 (o): Profile in the plane 5 mm after the foc us for amplitude (left) and phase (right). 
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Fig. 5-9 (b): Profile in the plane 10 mm a fter the foc us for amplitude (left) and phase (right). 
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Fig. 5-9 (c): Profile in the plane 15 mm after the focus for amplitude (left) and phase (right). 
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Fig. 5-9 (d): Profil e in the plane 20 mm after the focus for amplitude (left) and phase (right). 
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As in the focal plane, no obvious deviat ion happens in the far Fresnel zone with the optical 
method, and the results are in agreement with those from the membrane hydrophone. 
Moving the source transducer towards the membrane hydrophone, a ll owed the 
measllrements to be repeated in the near Fresnel zone, and the results obtained are shown in 
Fig. 5-10 (a)-(g). 
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Fig. 5-10(3): Profile in the plane 5 mm before the focus for ampli tude (left) and phase (right). 
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Fig. 5-10(b): Profile in the plane 10 mm before the foclls for amplitude (left) and phase (r ight). 
106 
.150 
:E-
l 
l "Xl 
., , 
,(mm( . " 
., , , 
, (rrvn] 
Fig. 5-10(c): Profile in the plane 15 mm before the focus for amplitude (left) and phase (right). 
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Fig. S-IO(d): Profi le in the plane 20 mm be fore the foc us for amplitude (left) and pha e (right). 
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Fig. 5-10(.): Profil e in the plane 25 mm before the foc us for ampli tude (le ft ) and phase (right). 
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Fig. S-IO(g): Profil e in the plane 35 mm before the focus for ampli tude (left) and phase (right). 
Although good agreement is observed around the focal region and in the far Fresnel zone, 
differences do appear between the membrane hydrophone and vibrometer measurements in 
the near Fresne l zone, especially in the region close to the source transducer. 
5.2.2 At the second harmonic 
To investi gate the feasibility of the optical method for detecting high intensity focused 
ultrasound fi elds, the amplitudes and phases acquired with the two methods are compared at 
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the second harmonic. An extra 1800 is added to the results from the vibrometer, so that the 
phase values obtained by the two methods are nearly the same in the far Fresnel zone. The 
resu lts obtained around the focal region are presented in sequence in Fig. 5- 11 , again with 
the blue triangle legend denoting the membrane hydrophone measurement and the red circle 
denoting the vibrometer measurement. 
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Fig. 5-11(a): Profile of the second harmonic in the plane 20 mm before the focus. 
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Fig. 5-1J(b): Profile of the second harmonic in the plane 10 mm before the focus. 
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Fig. 5-II(c): Profil e of the second harmonic in the plane 5 mm before the foclIs. 
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Fig. 5-11 (d): Profil e of the second harmonic in the focal plane. 
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Fig. 5-II(e): Profi le o f the second harmonic in the plane 5 mm beyond the foclIs. 
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Fig. 5-II(g): Profile of the second harmonics in the plane 15 mm beyond the focus. 
The experiment shows that in the near Fresnel zone, the agreement between the membrane 
hydrophone and the vibrometer profile measurements of the second harmon ic show 
relati vely poor agreement . However, as th e far Fresne l zone is approached, where acoustic 
wave pread in a diverging spherical shape, the second harmonic agreement improves 
substantially. 
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5.3 High intensity measurement 
In this section, The PCR·2 transducer is used to produce acoustic pressures greater than 
5 MPa at the focus. At this level, acoustic waves become distorted around the focal region 
due to nonlinear propagation. This section investigates the profi les at the first three 
harmonic frequencies at the focal plane of the transducer using both the membrane 
hydro phone and the re fl ective needle hydrophone. 
During the experiment, with the transducer scanning a long the horizontal li ne, the profil es 
of the ·first three harmonics were acquired through the outputs of the membrane hydrophone, 
then it was replaced by the re fl ective needle hydrophone, and the profil es a long the same 
line were acquired. By comparing output signa ls from the needle hydrophone and the 
membrane hydrophone at their maxima, the sens it ivities o f the needle hydrophone were 
calibrated at the first three harmonic frequenc ies. The o utputs from the two types of 
hydrophones were transfo rmed into acoustic pressures so that the measureme nt resuits can 
be compared together. 
These comparisons are shown in Fig. 5- 12 and it can be seen that the profi les obta ined from 
the foca l region wi th the two different hydrophones are in good agreement, with the 
max imum di fference being less than 20 kPa which appears in the s ide lobe region of the 
third harmonic. Considering that the comparison is made between different types of 
hydrophone with differing spatial resolutions (the membrane hydrophone has a 
I mm-diamete r active e lement and the re fl ective needle hydrophone uses a 
0.3 mm-d ia meter ti p to refl ect acoustic waves) and the locations o f the two hydrophones 
cou ld potentially be s lightly different in the measurement, such a small discrepancy is 
considered acceptable. 
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At higher acoustic pressures, generated with higher driving power fed into the transd ucer, 
the membrane hydrophone can no longer be used due to risk of damage. The following 
results consider only the reflective needle hydrophone, with Fig. 5-13 showing line profiles 
across the acoust ic field at the focal region for 4 different driving levels. 
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Fig. 5-13(a): Profil e or the fi rst three harmonics fo r 46 V input voltage . 
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Fig. 5-J3(b): Profile of the first three harmonics for 54 V input voltage. 
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Fig. 5-13«): Profile of the first three harmonics for 62 V input voltage. 
Fig. 5-I3(d): Profile of the first three harmonics for 69 V input voltage. 
These resu lts reveal that each harmonic forms a specific distribution with the higher 
harmonic having a narrower beam width. Increasing the transducer driving power, the 
amplitude of the higher harmonics increase at a greater rate than the lower harmonics. The 
phase profiles show that the acoustic waves at each harmonic wi li propagate in plane form 
through the main-lobe, with around a 1800 phase shift in the first side lobes. 
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To make s ure that the results are not influenced by nonlinear propagation, as discussed in 
section 4.2.2, another refl ecti ve needle hydrophone with a I mm tip was used in a repeat o f 
the high intensity measurement. Again, its sensitivity was calibrated in the same way as 
described above, then, at high power level, both re fl ective needle hydrophones were used to 
measure th e same acoustic fi e ld and the results are compared in Fig. 5- 14. 
Although the reflective abi lity of the I mm tip is nearly 20 dB larger than the 0.3 mm tip, 
the profil es produced by the two hydrophones are in very close agreement for the lirst three 
harmonics. It is therefore reasonable to assume that the nonlinear phenomenon does not 
show in the measurement. 
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Fig. 5-14: Profi les of acoustic pressures at the fi rst (Top), second (M iddle) and thi rd 
(Bottom) harmonics from the two needle hydrophones_ 
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5.4 Summary 
Ultrasonic fi e lds can be plotted with optical interferometry, and general featu res about 
acoust ic fi e lds such as wavefront and intensity distribu ti ons can be revealed through such 
measurements. As images of the propagation, diffraction and refl ection of acoustic waves 
can be obta ined effici ently wi th the use of a scanning vibrometer, this technique is useful for 
analys ing the qualitative characteristics of an acoustic field . 
The experiments presented in this chapter confirm that acoust ic pressures can be obtained 
accurately in far Fresnel zones using pell icle-based interferometry when acoustic waves 
propagate li nearly and a lso show that the measurement results obtained with the optical 
method become less re liable in near Fresnel zones, especially in the regions close to 
transducers. 
With increasing drive power to the source transd ucer, acoustic waves will propagate 
nonlinearly and the acoust ic fi eld around the focal region of a transducer will generate 
harmon ics. To detect high intensi ty focused fields using optical interferometry, the 
piezo-optic coefficients at hannonic frequencies need to be investigated further. 
A reflecti ve needle hydrophone has shown good perfom13nce for the mcasurcmcnl of high 
intens ity fi e lds and provides re liable results for acoustic pressures in the 10 MPa range wi th 
fine spat ia l resolutions. However, to use reflective needle hydrophones as practical devices 
for the measurement of H IFU fi elds, the performance of these devices at high intensity 
requires further theoretical and experimental investigation. 
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Chapter 6 
Simulation of acoustic fields 
In addi tion to the detection of acoustic pressures ins ide focal regions, the simulation of 
fie ld propagation combined with measured input obta ined at a part icular region in the 
fie ld or at the source can provide three-dimensional information about the acoustic fie lds. 
Since acoustic pressures are relati vely small in the near field and the majori ty of the 
energy is contained at the fundame ntal frequency, many me thods will become appl icable 
for carrying out measurements in this region. If the optical method can be used in near 
fi elds, the s imulation will become more e ffi cient with the adoption of a scanning 
vibrometer. 
Two methods are considered in th is chapter which combine optical measurement data 
with s imulation methods fo r the prediction of acoustic pressure and fi e ld distribution 
wi th in foca l regions of transd ucers. The first method is the pred iction of the acoustic field 
generated by a H IFU transd ucer fro m velocities measured directly on the surface of a 
transd ucer, the results of which are compared with the resul ts based on a uniform 
assum ption. The second method considers results predicted from measurement in the far 
and near Fresnel zones of focusing transducers using the pell icle-based optical method. 
This method is considered under both linear and non-linear conditions. In addi tion to 
these two simulation methods, a non-invas ive measurement technique, referred to as 
optica l tomography, is considered which has the potentia l to reconstruct two-dimensional 
planes with in the focal reg ion of an acoustic fi eld and could in the future be extended for 
full th ree-d imensiona l reconstruction. 
6.1 Simulation under linear conditions 
6.1.1 Based 011 sllrface vibratioll 
One of the advantages o f the optical method is that it can be used to measure the surface 
vibration o f a target. It is well known that the acoustic field of a transducer can be 
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determined according to its boundary condit ion and so, the acoustic field around the focal 
region can be predicted if the surface vibration of a focusing transducer is known. 
The PRA-4 focusing transducer was used to carry out the experiment. To avoid the 
innuence of diffraction waves, the experiment was performed in air and the laser beam 
from the vibromerer was aligned with a normal angle of inc idence to the surface of the 
lens. The transducer was driven at 350 kl-l z and the profile of the velocity along a radius 
line was acqu ired in amplitude and phase as shown in Fig. 6-1. The range from 0 to 25 mm 
corresponds to the space o f the inner hole of the transducer and so the amplitudes in this 
region are assumed to be zero fo r the simulat ion of the acousti c fi eld. 
Contrary to the uniform assumption, it can be seen from Fig. 6- 1 that three peaks appear 
along the r d irection. The highest amplitude occurs at a radius of around 50 mm and 
extends around 10 mm along the radius. The other two peaks have similar amplitudes to 
each al though the phase at the outer peak nips almost 1800 from the middle and inner 
peaks. This means that the vibration around the outer circle of the transducer is in the 
opposite direction to the rest of the vibrating transducer surface. 
To simulate the acoustic fie ld generated by the transducer, the measured velocity is 
assumed to be perpendicular to the surface at each point with the whole surface distri buted 
ax isymmetrically. The simulation is implemented through the Direct Integration (D I) 
method which is integrated into the Matlab software. The predicted acoustic field is shown 
in Fig. 6-2, in which the focal plane is located 100 mm away from the transducer surface 
and the -6 dB beam width (denoted by IV.) is around 4 mm. 
The acoustic pressures in the pred icted focal plane were a lso measured directly using the 
membrane hydrophone for comparison and it was found that w. is 4.2 mm. 
If the distribut ion is uniform, as assumed in many mode ls, then the predicted acoustic field 
will be as shown in Fig. 6-3. The focus is in the plane 130 mm away from the surface of 
the transducer, somewhat farther from the transducer than the prediction based Oil the 
surface measurement, and w. is 4.5 mm. 
This expel illl t:nt does demonstrate that a focusing transducer may vibrate with mixed 
modes which will cause a complicated distribution on its surface. The vibrat ion on the 
surface can be measured directly using optical interferometry, which a llows for a more 
accurate prediction of the acoustic field compared wi th the uniform surface vibrat ion 
assumption. 
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Fig. 6-3: Acoust ic field simulated using a uniform assumption 
(Left: AmplilUde, Right : Phase). 
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I-Iowever, when such a measurement is carried out in water, the diffraction waves coming 
from the edge of the transducer will be approx imately paralle l to the laser beam incident 
on the surface of the transducer which could seriously influence the surface measurement 
due to the piezo-optical effec t. Fig. 6-4(a) shows the results for the surface vibration o f a 
focusing transducer when the measurement is pe rformed in water. The ripples are the 
result of piezo-opt ic modul ation from d iffraction waves and do not represent the actual 
surface motion of the transducer. 
The qua li ty of the optical interferometry output s ignal also depends on the characteristics 
of the ta rget surface. If a transducer has a surface with poor optical reflection or the 
surface is curved strongly, then the refl ected laser beam cannot be efficiently co llected by 
the vibromete r, which strongly affects the s ignal-to-noise ratio of the vibrometer output. 
Also, if the transducer has a complex structure, or is made of composite materials, their 
surfaces Call vibrate in quite a complicated manner, in such cases, the optical measurement 
will become very difficult or even impossible to implement. Fig 6-4(b) shows the results 
measured on the surface of the PCO-3 transd ucer, which is made of 1-3 PZT material as 
shown in Fig. 4- 12. Though the vibration contributed by PZT pins can be detected with 
fine spatia l resolutions using the optical interfe rometry, it is obvious that such a 
di stri but ion is too complicated to be used as the boundary condition in predicting acoustic 
fie lds. 
122 
r-----------------------------......... 
oco ,---------------------------------------. 
600 
!400 
:.. 
200 ~. 
0 
20 25 30 35 40 45 
r( rm) 
(a) Transducer made of a PZT ring and a lens . 
... ' 
" .(' 
(b) Transducer made of the 1-3 PZT material and a lens. 
Fig. 6-4: Results measured on surfaces offocusing transducers in water. 
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6.1.2. Based 0 11 acollstic pressllres 
The experiments described in Chapter S reveal that using the pellicle·based interferometry 
allows the acous tic pressure to be measured accurately in regions where the acoustic 
waves travel in a diverging spherical form. In this section, pellicle-based interferometry is 
applied in the far Fresnel zone ofa focus ing transducer and the obtained results are used to 
pred ict the acoustic field in the foca l plane. 
The PCS- I foc using transducer was placed in the water tank of the system shown in Fig. 
4· I 5, and the laser beam of the vibrometer was focused onto the surface of an optical 
refl ective pellic le placed 35 mm away from the front surface of the transducer. It was 
found that at th is distance, the majority of acoustic energy was converged into a 20 mm 
circular region, so a 2Sx25 mm2 square was selected as the scanning area in the chosen 
plane. 
The amplitudes and phases of 2601 points were measured wi th a spat ial resolution of 
0.5 mm on S I xS I square grid to provide the distributions shown in Fig. 6-S . These data 
were then used as the input for the acoustic fi eld simulati on. 
Si nce the scanning was carried out over a limited region coveri ng only the main lobe and 
pan of the s ide lobes, the acoust ic pressures have not reduced 10 sufficiently low levels at 
the edge of the scanning region . To reduce the art ificial error coming from this truncation, 
acoustic pressures in the first s ide lobe were replicated and padded in each direction so 
that the distribution including both the main lobe and the jirst s ide lobe with zero edge 
could be formed. This modified distribu tion was used to predict the acoustic fie ld of the 
lransducer. 
The resultant simulated acoust ic fie ld at the focal plane, located 22 mm away from the 
transducer, is shown in Fig. 6-6(a) where the acoustic wave can be seen to propagate in a 
planar form. It is found that the amplitude reaches a maximum value of 14 1 kPa, and the 
beam-widths at the - 3 dB, -6 dB, and - 12 dB points (denoted by W3, W6 and W1 2) are 
2.0 mm, 2.7 mm and 3.7 mm, respectively. 
The distribution of acoustic pressure was a lso measured directly in the focal plane using a 
need le hydrophone. The peak value measured was 148 kPa, around 0.4 dB higher than that 
in the prediction. The normal ised results are shown in Fig. 6-6(b), where W3, W6 and W12 
are 2.0 mm, 2.6 mm and 3.7 mm, respecti vely . 
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Fig. 6-5 : Distribution measured in the plane z =35 mm using the vibrometer 
(Left : Ampl itude, Right: Phase). 
(a) Simulated result (b) Direct measurement 
Fig. 6-6: Acoustic field in the focal plane of a spherical shell transducer. 
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Through the comparison between Fig. 6-6(a) and Fig. 6-6(b), it has been demonstrated that 
the acoustic fie ld inside the major lobe can be predicted accurately. However, since the 
prediction is based on the data measured in a limited scanning area, even though the 
acoustic pressures are padded to zero at the edge, the prediction gives an undesired large 
'side lobe'. It is cl ear that to perform accurate simulations of the side lobe reg ions, the 
scanning area should be expanded to cover more acoustic energy. 
Another experiment was implemented in the near Fresnel zone of the PCR-2 transducer. A 
measurement membrane hydro phone was placed 40 mm away from the transducer surface, 
and the laser beam of the vibrometer was focused on the active element of the hydrophone. 
The transducer was scanned along a hori zon line and the profi les of acoustic pressure 
along the r direction were acquired from both the vibrometer and the membrane 
hydrophone. Although the measurement is implemented in a plane quite close to the 
transducer (z ; 0.33D, where D ; 120 mm is the curvature radius of the source), the two 
methods provide simi lar results for the amplitude and phase profil es as shown in Fig. 6-7 . 
This experiment confirms the conclusion drawn in Chapter 3, that the vibrometer can be 
used to detect acoustic fields in the near Fresnel zone. When the measurement is carried 
out in the pos ition less than half the curvature rad ius (z < 0.5D), the main feature of the 
distribution can be acquired correctly, although the deta iled informat ion cannot be given 
accurately as shown in Fig. 3- 14(a)-(c). 
To assess the reliability of the optical method for the simulation of acoustic fields, further 
measurements were perfonlled in the z ; 40 mm plane using the vibrometer, and the 
results were used to pred ict the focused acoustic fi eld. 
Si nce it was observed from these measurements that the acoustic beam was concentrated 
into a 70 mm c ircular area, a 90 x·90 mm2 square was used for the scanning region. The 
distribution of particle displacement was acq uired with a spatial resolution of 0.5 mm over 
a 180 x 180 point square grid, and the generated displacement profi le is shown in Fig. 6-8. 
As the transducer is made of a curved spherical ring, the acoustic energy is distributed 
mostly in a ring with a diameter from 30 mm to 70 mm in the measurement plane and 
approximates a good axisymmetric shape. 
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Fig. 6-8 : Distribut ion of displacement measured from the vibrometer at z = 40 mm 
(Left : Ampli tude, Right: Phase). 
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The distribution was transformed into values of acoustic pressures and also padded to zero 
along each direction. which was then fed into the pred iction software (coded in the 
MATLAB programm ing package as the Dl method) as the init ial boundary condition. The 
acoustic field along the acoustic ax is was simulated and the results are shown in Fig. 6-9. 
The sim ulat ion reveals that acoustic wave radiates in a converging form when approaching 
the focal region, wi th the foca l plane positioned 79 mm away from the measurement plane. 
In the focal plane the amplitude reaches a maximum and the wavefront is in a plane form 
inside the main lobe of the acoustic beam. 
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Fig.6-9: Simulated acoustic field with the data obtained in the near field 
(Top: Amplitude, Bottom: Phase). 
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The membrane hydrophone was then moved away from the transducer for another 52 mm 
(hence, Z = 0.77 D, the requirement for z > 0.5D was satisfi ed), the second scanning 
measurement was then carried out over a 50 x 50 mm' area and the acquired distribution is 
given in Fig. 6- 10. 
For comparison, the predicted distribution wi th the data measured at Z =40 mm is shown 
in Fig. 6-1 I. It can be seen that they are in good agreement and the maximum pressure 
located on the acoustic axis, and the majority of acoustic waves are concentrated into a 
20 mm circular region. 
Fig. 6-10: Distribution using the vibrometer measured at z = 92 mm 
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Fig. 6-11: Predicted distri bution at z = 92 mm using the data measured at z = 40 mm 
(Left: Amplitude, Right: Phase). 
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Finally, the profile in the focal plane was predicted using the results obtained in the two 
planes. To verify these predict ions based on the optical method. acoustic pressures were 
measured directly in the focal plane using the membrane hydro phone. and they are 
compared in Fig. 6- 12. 
It is found that the main lobe can be simulated accurately when the results obtained in the 
near Fresnel zone are adopted to predict the profil e in the focal plane. However, if the 
measurement is carried out in a position quite close to the transducer, large errors may be 
introduced to the side lobes. 
. . 
: .... 
· . 
· . 
· . 
· . 
· . 
· . 
· . 
· . 
· . 
· . 
· . · . 
09 
08 
07 
· . 
· . 
· . 
· . 
· . 
· . · . 
· . 
0& 
05 
· . 
· . 
· . 
· . 
· . 
· . 
_, 
." : ': l:~' \ f:~::;l. : ,:;:' ., 
o. 
03 
0' 
... :;:\: ~~ \ 
01 . _ . ;..: ~ ·~P • . !.I .'=~~. .... t o> '.:vr 
o 
., ·3 ., ., o 
'Imm] 
3 
. 
.' r···· ···· ···:. . ... .. ..... . 
. . 
.. , .. . 
~ ~ . ;'::,'::::,.,: if: "'''''''''''1 = ;. £. 100 : : : ~ • • • 
'"0 " • to ..... : ! 
.;: ; { ................. .. : : : 
o : . t o , 0 I 
: : :::.::.:.:: ...... ..... .... :: i 
•..  : . . 
·100 ' . : \ • • 
\ ' ·~4'--.3!--.:-' ---7.,--;o!--!---;---:-----' 
' Imm] 
Fig. 6-12: Normalized profiles on the focus from measurement and prediction 
(---Direct measurement, ---Prediction from z = 40 mm, ---Prediction from z = 92 mm). 
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6.2 Simulation for harmonics 
6.2.1. Numerical algorithm of the KZK equatioll 
To predict the focused acoustic fi eld with high intensity, the KZK equation is applied. It is 
wel l known that if an in tense acoustic beam radiated by a piston circular source 
propagates a long the axis z, its lateral coordinate is denoted by r, the sound pressure P can 
be written from the KZK equation as [130]: 
(6-1 ) 
where, = I - Z / Co is the retarded time, Co is the sound speed in water, f3 is the nonlincar 
parameter, b is the dissipative parameter, P o is the ambient density, 
l'. l = a' / ar' + ,.- 1 a / ar is the transversal Laplacian. 
For the pu rpose of simulations and further ana lysis of results, Eq uation (6-1) is written in 
terms of di mens ionless variables as [160] : 
~(ap _NV ap _ A a'p) = ~l'. p 
ar az ar ar ' 4 l 
(6-2) 
where T = moT , CVo = 2ifo is the angular frequency, P = p / Po ' Po is the initial 
pressure ampli tude, Z; Z I Zd ' Z d = ko' / 2 is the Rayleigh distance for the 
fundamental frequency /0, a is the aperture radi us of the source. Lateral coord inate r is 
normalized by the source radius a: f?;rla , the Lap lacian operator is denoted as 
l'. l = a' / aR' + R-Ia / aR . The nonlinearity parameter N and absorption parameter A 
are defined as: and 
Z bcv3a' A = -!!.. = ~ , so, N relates the Rayleigh 
z" 4coPo 
distance Z d to the shock formation distance for the case of plane wave propagation, where 
Z" = c~Po / fJcvoPo ' and A relates Zd to the absorption length z. = a -I , where 
a = bcv~ I2c~po is the absorpt ion coeffici ent. 
In the frequency domain, the solution to Equation (6-2) can be represented by a Fourier 
series in the following form [161] : 
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~ ~ 
f CZ, R,T) = I,P" CZ, R,T) = I,CGnCZ , R) sin nn HnCZ, R)cosnr) , (6-3) 
n=1 n_' 
where GnCZ, R) and H"CZ, R) are the amplitudes of the nth harmonic. Substitution of 
the solution (6-3) into Equat ion (6-2) yields a set of non linear differential equations for 
the amplitudes GnCZ, R) and HnCZ,R)[132]: 
aG 1 111 ,,-1 . "" (64) 
-" =-n' AG +- ll 11 +N - (- '\' (G G - 11 11 ) - '\' (G G + 11 11 » -
' z " 4 J. " 2 2 ~ p " - p P II - P ~ p-II P P_fI P 
U n p '" p="q 
off 1 n I ,, - 1 .. 
---!- = - n' A 1·1" - - ll J. G" + N - (- I ( 11 pG,, _p + G pN n-p) + I ( N p_nG p - G p_nl1 p» (6-5) 
az 4n 2 2 p ,,1 p::"~1 
The solut ion of Equations (6-4), (6-5) can be obtained for the ampl itudes G
n 
and 
I-In using standard numerical methods [162, 163]. A uniform spatia l grid with the step 6R 
is used fo r sampling the solution G nand H n over the latera l coordinate: R = III . !1R , 
where m ::::::;: O, I, ... m~~;x' and the number m~a)x denotes the maximum number of the lateral 
poi nts for the nth hannon ic; along the propagation di rection Z, G
n 
and H n are calculated 
plane by plane over the step 62, Equations (6-4) and (6-5) can be written in the 
differential fo rm as [164] : 
G'+I,J - a(J-/ r+I ,$-1 - 2 fl r+ l ,s + If r+ I ,.f+ \) = PG ; 
H , +I,s + a(G'+I,<f_1 - 2Gr+ , ,$ + G'+I,s+I ):::::; P H; 
G'. I.O - 4aCH .. ,., - H ,+,.O) = flG; 
H,. I.O + 4aCG'+I .' - G,+I.O ) = flu ; 
Where, G" = Gn Crb.Z ,sb.R) , H, , = H"Crb.Z ,sb.R) , a = b.Z 2 ' 
. .. 4n!1R 
(6-6) 
(6-7) 
(6-8) 
(6-9) 
PG = G,., + 8n~:R' (N,.,., - N,.,_,) + llzI , ; PH = H,., - 8n:R' (G, ... , - G, .• _,) + llZI , ; 
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1 0 4a -4a 0 G, PG., 
0 1 0 -a 2a - a G, PG., 
0 1 0 
0 0 -a 2a -a Gm:;~ _ 1 P G m(OI _1 (6- 10) 
, -
0 1 0 -a 2a G (_I PG,m~ 
X "-
- 4a 4a 0 1 0 H, PII ,. 
a -2a a 0 1 0 1-1 , P" ,2 
0 1 0 
a - 2a a 0 0 Hml.:t_1 PII ,IOI!.1. - 1 
a -2a 0 H (_, 
"-
PI( ",(.) 
To solve the equations, the initial Gn and Hn coeffi cients should be derived from the radial 
amplitudes and phases at the source. 
If the profile of acoustic pressures in the near field zone of a transducer is measured, it 
can be used as the boundary cond ition. When the majority of acoustic energy is conta ined 
within the fund amenta l frequency, the amplitudes of Gn and H n at Z = 0 (the 
measurement plane) can be acq uired as: 
_ fp(O, R) [sin cp R < 1 
G,(O, R) - Po (6-11 ) 
0 R ~ I 
G, (0, R) = G/O, R) = ... = 0 (6-12) 
_ fp(O, R) [cos cp R < 1 
H,(O,R) - Po (6-1 3) 
0 R ~ 1 
H, (O, R) = HJ(O, 1/) = ... = 0 (6-14) 
where p(O, R) = Ip(O, R)lexp(icp) is the measured acoustic pressures at the 
fundamental frequency, Po is the maximum amplitude of the pressure in the profil e. 
6.2.2. Comparisoll of Ilumerical results alld experimelltal data 
Through the experi ments described above, it has been confirmed that the acoustic fi eld in 
the focal plane can be predicted using the results measured in the near and fa r Fresnel 
zones. As the majority of acoustic energy is conta ined within the fundamental frequency 
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in the region close to transducer, to simpli fy the measurement and reduce the computat ion 
time, the simulation of harmonic waves is based on the results samp led in the near Fresnel 
zone. 
Since the KZK equation is valid at small aperture angle (no < 16°), the peD-3 transducer 
was chosen to carry out the experiment, its ha lf aperture angle is around 13°. In the 
measurement, the pellicle was positioned 37 mm away from the front surface of the 
transducer, and the scan ning was completed over a 36x36 mm2 region with a spatial 
increment of 0.5 mm. The output s ignals from the vibrometer were digitised and analysed 
using the OFT a lgorithm, providing particle displacement for the first three harmonics . 
The acoustic pressure distribution of the first harmonic is given in Fig. 6- 13. As the 
acoustic pressures at the second and third harmonics are less than I % of the first 
harmonic at a given driv ing power. they are considered negligible for further calculat ions. 
The acoustic fie ld in the measurement plane is an ax isYl11metric distribution, a lthough 
there are some fluctuations in its microstructure, so the centre in the phase distribution is 
defined as the position of the acoustic axis. The profil e of the acoustic pressure along the r 
direction was acquired by averaging the data at the same radial distance from the centre. 
The 'averaged' profil es of acoustic pressures in amplitude and phase are shown in 
Fig. 6-1 4. Again, to reduce the artificia l error coming from the truncation, acoustic 
pressures are padded 10 zero a long the r direction . 
·15 -10 -5 0 5 10 15 . 15 -10 ·5 0 5 10 15 
.(mm) J(mm) 
Fig. 6-13: Acoustic field ofa piezo-composite transducer at z = 37mm 
(Left : Ampli tude, Right: Phase). 
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The 'averaged ' profiles of acoustic pressures is used as the boundary condition, the 
numerical calcu lation of the differential equations was implemented by Dr. Hong Zhao in 
the VC++ language. In the simulation, the lateral grid step is equal to 
I>.R = 5.0 x 10-3 and the s ize of the spatial window in the radial directio n 
R~::~ = m~:~ I1R is chosen in the following way: 
Rmax x l, l :> n :> 30, 
Rmax x 0.8, 31 :> n :> 100, 
r 
0:> Z :> 0.3 
RC.) = Rma'f. x 0.6, 101 :> n :> 300, and Rm" = 7.5, 0.3:> Z :> 0.5 . m" 
~" X 0.4, 301 :> n :> 800, 10 0.5 :> Z :> 0.8 
R."" X 0.22, 801 :> n :> 1000. 
The axia l grid step is taken as !>.Z = 2.5 x 10-' in the calculations. T he initial number of 
harmonics equals to n;:; (0) = 30 , independently on the index m; and the num ber of 
harmon ics is increased by I>.n= IOO when the absolute value oflhe last ha rmon ic amplitude 
exceeds the threshold : G = 2 x 10"" . 
The max imum possible number of harmonics is chosen as nm,,= I 000, the boundary layer 
with anific ial absorption for all hannonics consists of I>.m=50 points, and the 
corresponding absorption parameter equals to a. = 500 . 
The o ther parameters related to the calculation a re listed in the fo llowing: 
a = 6 cm, /o = 1.7MHz, 
Po = 500 kPa, Co = 1500 mls , 
a = 0.03957 Icm, p = 3.5, b = 4.33 x 10-2 g. s-'cm-' , 
N = 15.353 , A = 0.3 72938 , 
Zd = 9.4248 cm , Z. = 0.6 13883 cm. 
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The acoustic pressure distribution of the first three harmonics around the focal region 
were calculated and it was fou nd that in the position 46 mm away fro m the scanning plane 
the amplitude of the fundamenta l component reaches its maximum, with a position 
defined as z = 0 mm , around 3 mm be fore the focus of the transducer. T he distr ibutions of 
the fi rst three harmonics in the r-z plane are indicated with contour lines, as shown in 
Fig. 6- I 5. 
It can be seen from Fig. 6- I 5 that the -3 dB regions for the first three harmonics have 
d imensions of2 I .3x 1.8 mm, I 6.3x 1.2 mm and 14.4x 1.0 mm respecti vely, which indicates 
that the acoustic pressure of higher harmonics wi ll be concentrated into sma ller regions. It 
is also shown that when the maximum of the fundamental pressure appears at z = 0 mm, 
the second and third harmon ics will reach thei r maxima at z = 3. I mm and z = 4.6 nun , 
respectively. 
To veri fy the results from the theoretical simu lation, the acoust ic fi eld for the predicted 
region was measured using the membrane hydrophone. It was found that the position of 
the highest pressure in the fie ld was 46.9 mm away from the initial measurement plane, so 
th is posit ion was defined as z = 0 mm and chosen as the centre of the sca lm ing region. 
The measurement was im plemented in an a rea extending 37 mm a long the acoustic axis 
with a scan increment of I mm, and extend ing latera lly over 8 mm .length vertical to the 
axis with an increment of O. I mm. Acousti c pressures for the fi rst three harmonics are 
acqu ired and the ir distri butions are indicated with contour lines as shown in Fig. 6- I 6. 
In Fig. 6- 16 the max ima of the second and third harmonics are located at 3.0 mm and 
4.8 mm, the - 3 dB regions for the first three harmonics have d imensions of22.0 x 1.9 mm, 
16. I x 1.2 mm and 14.7 x 1.0 mm, respectively. 
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Fig. 6-15: Predicted distribution around the focal region for the first (Top), second 
(M idd le) and th ird (Bol1om) harmonics. 
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Fig. 6- 16: Measured acoustic pressures around the focal regions for the first (Top), second 
(Middle) and third (Bottom) harmonics. 
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From the comparison between Fig. 6- 15 and Fig. 6-16, we can see that in the - 20 dB 
region, the distributions obtained from the measurement and prediction are in good 
agreement for the first three harmonics, except that in the measurement a slight 
fluctuation appears in the third harmonic contour lines due to the positioning error in the 
scanning measurement. Beyond the - 20 dB contour line, the predict ion provides a s imilar 
distribution to the measurement at the fu ndamental frequency. However, measured 
acoustic pressures distribute in wider reg ions at the second and third harmonics than those 
in the simulation, especially in the area facing the transducer. 
To make a furth er assessment about the accuracy of the prediction, the amplitudes of 
acoustic pressures are compared between the simulation and direct measurement for the 
fi rst three harmonics in the plane z = 0 mm, and the results are shown in Fig. 6-17. 
In Fig. 6-17 the profiles of the fi rst harmonic from the prediction and measurement are in 
good agreement, the differences of the amplitude and the -6 dB beamwidth (wo) are both 
less than I %. However, for the second and third harmon ics the measured amplitudes are 
1. 12 MPa and 0.46 MPa, compared with the va lues of 1.04 MPa and 0.43 MPa obtained 
from the simulation, a difference of around 7 % is found . The predicted W6 arc 1.40 mm 
and 0.96 mm, while the measured W6 are 1.45 mm and 1. 13 mm, with the maximum 
difference occurring at the third harmon ic which is around 6 %. Also, the shapes o f the 
measured side lobes are different from those of the predicted ones at the second and thi rd 
harmonics. 
The above experiment proves the feasibility of using opt ical interferometry for prediction 
of focused acoustic field s wi th high intensity. However, it a lso shows that the pell icle-
based interferometry can only be implemented in confined regions. To reduce the 
influence of diffraction waves, the pellicle cannot be positioned too close to the surface of 
the transducer. It a lso cannot be positioned too c lose to the focal region where acoustic 
waves are distorted due to non linear propagat ion. 
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6.3 Light refractive tomography 
Combined with the tomographic technique, optical interferometry can be used to detect 
acoustic fie lds with good spatia l and tempora l resolutions. 
The acoustic fi eld of a focusing transd ucer made of the piezo-compos ite material with an 
acoustic lens was reconstructed by the tomographic techn ique. [n the experiment, the 
vibrometer was posi tioned 60 cm away fro m the acoustic axis of the transd ucer and the 
laser beam of the vibrometer passed through the focal plane of the transducer. 
First, the transducer was driven with a tone burst s ignal at its resonant frequency of 
I MHz. As the output of the vibrometer was related to the accu mulat ion of the acousti c 
pressures along the optical path, the transducer was driven at a relatively low voltage. 
Before starting the measurement, the orientation of the transd ucer was carefully adj usted 
so that the acoustic axis of the transducer remains stationary during rotation. The 
transducer was scanned a long a straight line with a 0.3 mm spat ial reso lut ion, so the laser 
beam interacts with the acoustic fie ld over a range from - 20 mm to 20 mm (the position 
of the ax is is defined as z = 0 mm). Once the line scanning is completed, the transducer is 
rotated through 5° and the line scanning procedure is repeated over the range 0° to ISO°, 
and the results are shown in Fig. 6- IS. 
A Ithough the orientat ion of the transducer was carefully adjusted, small residual 
translat ion of the acoust ic ax is was still observed during rotat ion of the carriage, so the 
maximum acoustic pressure on each scanning line is corrected to Z = 0 mm before 
reconstructing the acoustic fi eld. 
The reconstruction of the acoustic fie ld was implemented through the Radon transform 
which is integrated into the Matlab so ftware, and the obtained acoustic field is shown in 
Fig. 6- 19 in ampl itude and phase. 
The acoustic fi e ld in the focal plane was a lso measured d irectly using the membrane 
hydrophone and the results are given in Fig. 6-20. The normalised profil es o f the acoustic 
fie ld fro m reconstruction and direct mc,",urement are compared in Fig. 6-2 1. 
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Fig. 6-18: Scanning result in the foca l plane of a 1-3 PZT transducer at I MHz 
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Fig. 6-19: Tomographically reconstructed acoustic field of the transducer at I MH z 
(Left: Ampli tude, Right: Phase). 
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Fig. 6-20: M easured acoustic field of the transducer in the focal plane 
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Fig. 6-21: Comparison profiles from reconSlruction and direct measurement at I MH z 
(- direct measurement, - reconstruction). 
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It can be seen by the comparison in Fig. 6-2 1 that the acoustic fi eld in the focal plane can 
be reconstructed by means of the light refractive tomography. The main lobe and side 
lobes acquired are consistent with those from direct measurement. However, there are 
some ripples at the peak of the main lobe and the minima between lobes. The 
reconstructed beam width is also slightly narrower. These phenomena are thought to be 
caused by the translation of the acoustic axis during rotation of the transducer, even 
though the captured maximum value at each angle is corrected to z ~ 0 mm , since W6 was 
only around 6 mm and the spatial scan resolution was 0.3 mm, it is possible that the true 
peak is missed during scanning. 
Another 'experiment was carried out to investigate this phenomenon when the same 
transd ucer was driven at 500 kHz, so that the acoustic beam is spread over a wider range. 
The measured results and reconstructed acoustic fi eld are shown in Fig. 6-22 and Fig. 6-
23 , respectively. 
Again, the acoustic fi eld was measured d irectly in the focal plane at 500 kH z using the 
membrane hydrophone and the results are shown in Fig. 6-24. The profi les obtained from 
reconstruction and direct measurement are also compared in Fig. 6-25 . 
Compared wi th the resul ts obtained at I MH z, the pro file of the reconstruction has been 
improved, especially inside the main lobe region. Hence, it can be concluded that to get 
perfect resul ts, the increment in line scanning should be decreased further. 
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Fig. 6-22: Scanning result in Ihe foca l plane of Ihe Iransducer al 500 kH z 
( Left : AmplilUde, Righl: Phase). 
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Fig. 6-23: Tomograph ically reconstrucled acouslic field in Ihe focal plane at 500 kH z 
(Left : Amplilude, Righl: Phase). 
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Fig. 6-24: Acoustic field of the transducer measured by hydrophone at 500 kH z 
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Fig. 6-25: Profiles from reconstruction and direct measurement at 500 kH z 
(- Direct measurement. - Reconstruction)_ 
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6.4 Summary 
The surface of a focusing transducer may vibrate with complicated modes, which can be 
detected using optical interferometry. Based on the surface vibration, the acoustic field can 
be predicted more reliably compared with a simple uniform assumption. However, due to 
the strong interference coming from the diffraction waves, the surface detection becomes 
inaccessible in water. 
The pellicle-based interferometry provides a practicable method for predicting focused 
acoustic fields. The acoustic field around the focus region can be predicted with the results 
measured in the far or near Fresnel zones. Due to the directivity existing with the optical 
method, the prediction will be more accurate in a measurement plane far away from the 
transducer. 
In the near FresneI zone, since the majority of acoustic energy is contained in the 
fundamental frequency, acoustic pressures can be measured- correctly with the optical 
method. The acquired profile can be fed into the nonlinear equation as the initial boundary 
condition and in this way, the acoustic pressures at high harmonics can be predicted 
correctly in the region around the focus. 
Through the initial experiment of the light refractive tomography, it can be concluded that 
this non-invasive technique can be applied to detecting focused acoustic fields. In order to . 
get good results, a precise positioning system should be set up and the scanning should be 
implemented with fine incr~ments during measurement. 
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Chapter 7 
Conclusions 
Focused acoustic fields and related. detection techniques have been investigated using 
theoretical analysis, experimental measurements and numerical calculations, the research 
results of which aresummarised in the following sections. 
7.1 Focused acoustic fields 
The acoustic waves radiated from a focusing transducer will change their behaviors. in 
different regions. In the near Fresnel zone they will propagate in converging spherical 
, 
form with a complicated distribution. In the focal plane the majority of acoustic energy 
will be concentrated in the main lobe where acoustic waves travel in a plane wave and the 
amplitudes distributed with a Gaussian profile. In the far Fresnel zone, acoustic waves 
will spread over a larger area and gradually diverge into a spherical form with decreasing 
acoustic pressures. 
For a weakly focus~d acoustic field, the numerical simulation reveals that the acoustic 
pressure can be accurately calculated from the particle velocity around the focal region, 
however, the particle velocity is not in phase with the acoustic pressure in the region close 
to the transducer (z < O.5D). 
When the input power to the transducer is increased, acoustic waves can propagate 
nonlinearly and in this case, acoustic energy will be gradually transferred to the generated 
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harmonic frequencies as the input power increases. The experiments reveal that in the 
focal plane the acoustic pressure distribution for each harmonic form a Gaussian shape, 
and the higher the harmonic, the narrower the beamwidth. 
In practice, transducers used in HIFU systems generally have large aperture angles and , 
some of them have quite complicated structures. The experiments show that the 
performances of differing designs are different from those assumed in many calculations. 
The surface of a focusing transducer may vibrate in a complicated manner, so predictions 
based on the simplified initial boundary condition can become unreliable, especially for 
acoustic pressures at high harmonics. To acquire the performance of a focusing transducer 
correctly, it is necessary to improve both the, measurement methods and simulation 
algorithms. 
7.2. Direct measurement 
Both needle and membrane hydrophones have been used to determine focal positions, 
acoustic pressures and the acoustic pressure profiles in the experiments. A membrane 
hydrophone has been used to measure acoustic pressures up to 5 MPa, and satisfactory' 
results have been acquired in wide frequency range with a fine spatial resolution. This 
kind of hydrophone has flat receiving response, so acoustic amplitudes of harmonics can 
be calculated accurately, and acoustic waveforms can be recorded faithfully. 
Since HIFU transducers produce acoustic pressures inuch higher than 5 MPa, which is 
beyond the linear range of the active element in a membrane hydrophone. The application 
of membrane hydrophones for measuring HlFU fields is limited as the hydrophone may 
be damaged by cavitations which can occur at high acoustic pressures. 
For a reflective needle hydrophone, its active 'element is designed to be put outsid'e the 
measured acoustic field, so many of the limitations of the membrane hydrophone can be 
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overcome. The initial theoretical analysis shows that a reflective needle hydrophone with 
a 0.3 mm tip can measure acoustic pressures over 10 MPa with a change of receiving 
response less th~ 6 %. However, this type of hydrophone has a fluctuating response in 
the megahertz range and so to acquire the values of acoustic pressures at harmonic 
frequencies, its sensitivity must be calibrated by comparison with a membrane 
hydrophone. The experiment shows that a combination of the membrane hydrophone and 
. the reflective needle hydrophone can be successfully used to measure acoustic pressure at 
the clinical treatment intensity around the focal region of a HIFU transducer. 
Optical iIiterferometry has already been applied to the detection of acoustic fields and the 
present research confirms that virtual images of the propagation, reflection and diffraction 
of acoustic waves can be acquired efficiently using a scanning vibrometer. This technique 
provides an effective way to check the property of a transducer and the behaviour of an 
acoustic field. However, when using this method, the output from the vibrometer is a 
function of the accumulated effect of acoustic pressures along the optical path. This 
method ·cannot therefore provide the absolute value of the acoustic pressure at a particular 
position. 
By positioning an optically reflective pellicle in an acoustic field and measuring the 
vibration of its surface using an interferometer, it is possible to accurately determine the 
acoustic pressures of plane waves. Through a further investigation of the piezo-optic 
effect in spherical wave fields, it was found that when the distance between the pellicle 
and the transducer is larger than three wavelengths (z> 31..), the 'effective' refractive 
index for plane waves can be adopted in calculating acou.stic pressures from the output of 
the vibrometer. With the laser beam scanning in spherical acoustic fields, the 
pellicle-based interferometry can. result in a receiving directivity pattern for acoustic 
waves incident at different angles. 
The piezo-optical interaction was first investigated theoretically for focused acoustic 
IS 1. 
fields and it has been confmned that in the far Fresnel zone and the focal plane; the 
acoustic pressure can be calculated correctly from the output of the interferometer using 
the 'effective' refractive index for plane waves. In the near Fresnel zone, the laser beam 
will be modulated by acoustic waves in a complicated manner, so the concept of the 
'effective' refractive index becomes invalid. It is recommended that optical measurements 
should be carried out at a position latger than half the curvature radius of the transducer 
(z> O.5D): The experiments have confirmed that the above conclusions are correct for 
. . . 
both weakly and moderately focused acoustic fields. They also show that when the 
measurement is performed at a position close to the transducer, the diffraction wave can 
seriously influence the output of an interferometer. 
The 'effective' refractive index has been deduced under the condition that the acoustic 
wave propagates linearly. For high intensity acoustic waves, acoustic energy will transfer 
to high harmonics more efficiently. As a result of this, an acoustic field full of harmonics 
will be formed around the focal region of a HIFU transducer. The experiment has 
confirmed that except for the region beyond the focal region, the 'effective' refractive 
index becomes invalid in the focused field, especially in the near Fresnel zone. 
7.3 Prediction of focused acoustic fields 
In theory, the. acoustic pressure at any other place can be calculated with the results 
measured in a region capturing the majority of acoustic energy. Under the. linear condition 
many numerical algorithms can be used to make such predictions. To predict acoustic 
fields with high intensity, the KZK equation has been developed which considers the 
nonlinear propagation, absorption and diffraction. It has been applied successfully to 
predicting focused acoustic fields both in frequency and time domains, however, it is only 
suitable for a transducer with half aperture angle less than 16' 
The experiments show that the results obtained from optical interferometry can be applied 
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to the prediction offocused acoustic fields. Through. the direct optical measurement of the 
surface of a focusing transducer, its vibration mode can be determined in air. Calculation 
based on the surface vibration has provided more reliable results than those based on the 
uniform assumption. With the results measured in the far Fresnel zone, with the 
pellicle-based interferometry, the acoustic pressure of the focal plane have been predicted 
. correctly. Although the results obtained in the near Fresnel zone will be modulated by 
diffraction waves, they' can be used as the initial boundary conditions to predict the 
acoustic pressures in the focal plane, inside the main lobe . 
. When optical interferometry is applied to focused fields with high. intensity, the, 
measurement should be made in the region where the majority of acoustic energy is still 
contained within the fundamental frequency. In this case the acoustic pressure of the 
harmonics can be neglected for the prediction. The experiment haS shown that the 
acoustic pressure at the first three harmonics can be predicted accurately with data 
obtained using the optical interferometer when the pellicle is placed at the midpoint 
between the transducer and its focal plane. 
7.4 Tomographic reconstruction 
With the application of tomographic techniques, the acoustic field produced by a focusing 
transducer can be reconstructed with the results obtained from an optical vibrometer. In 
the laser refractive tomography ~ethod, instead of using an optically reflective membrane, 
a rigid reflective target is put outside the acoustic field to reflect the laser beam back to 
the vibrometer. Such an arrangement allows the laser beam to traverse the ,acoustic field 
and provides a truly non-invasive. method for detecting acoustic fields. The initial. 
experiment shows that this method can ?e used to reconstruct focused acoustic fields in 
megahertz range; the profile of acoustic pressures can be acquired correctly for the main 
lobe. 
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However, the positioning system for implementing the tomographic measurement should 
ensure that the laser beam can be adjusted precisely to be perpendicular to the acoustic 
axis of the transducer, and its acoustic axis should be kept in its original orientation during 
rotation of the transducer. As the output of the interferometer is related to the accumulated 
effect of the acoustic pressures along the laser path .. a small acoustic pressure may result 
in a large amplitude at the interferometer output. Hence, to make this method feasible in 
. . 
measuring HIFU fields, the vibrometer should be specifically designed to have a very 
large dynamic range. 
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Chapter 8 
Future work 
. Through theoretical analysis and experiments, many advantages of the optical method 
.have been found for detecting acoustic fields. To make this technique practical for the 
measurement ofHIFU fields, it is advised that the following work should be continued: 
(\) The piezo-optical effect is the basis for carrying out the optical interferometry. At 
present, it is only studied under the weakly focused condition .. Further analysis 
should be considered for strongly focused fields. Although it is impossible to get a 
constant piezo-optical coefficient for focused fields, there is a possibility of 
acquiring an approximate valu~ which could be valid in certain regions through the 
numerical simulation. Also, the relationship between the measurable region and the 
aperture angle of the transducer should be established, which could be used as a 
general guide for implementing the pellicle-based interferometry method .. 
(2) Although 'directivity' is an the inherent problem of the pellicle-based interferometry 
method, if its influence can be removed from the scanning results through numerical 
algorithms, the optical method could· be extended to carry out measurements in a 
region closer to the transducer. This would allow the prediction to be implemented 
using more reliable input data 
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(3) Instead of using the axisymmetric assumption in predicting HIFU fields, more 
efficient algorithms should be developed which can use two-dimensional 
. measurement data as the initiiu boundary condition. In this way, more accurate 
prediction of the harmonic components could be made. 
(4) Up until now, all the studies on the piezo-optical effect have been conducted under 
the assumption that the acoustic wave propagates in a linear way. With the "acoustic 
wave traveling towards the focal region in a H1FU field, the acoustic pressure will 
increase gradually and the acoustic waves will be distorted around the focal region. 
To apply the pellicle-based interferometry method to the pressure measurement 
made in these regions, the piezo-optical effect should be investigated further and the 
corresponding coefficients ror harmonics need to be acquired. 
(5) Reflective needle hydrophones have demonstrated excellent performance for the 
measurement of H1FU fields. To make good use of this type of hydrophone, their 
properties should be studied theoretically and further experimental investigations 
should be carried out through comparison with an optical-fiber needle hydrophone. 
Also, the structure of a reflective needle hydrophone should be improved so !hat it 
could be used over a relatively wide frequency range with improved spatial 
resolutions. 
(6) The present experiments placed emphasis on the measurement of acoustic pressures. 
To get a comprehensive understanding of the performance of a H1FU field; more 
parameters should be investigated; acoustic waveforms," amplitudes at positive and 
negative peaks, distribution of acoustic intensity and acoustic power, for example. It 
'y' • 
is expected that these parameters can be measured directly or even predicted 
effectively with the application of a scanning vibrometer. 
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If tite above goals are attained through the theoretical and experimental investigations, it" 
is believed that the pellicle-based interferometry method will become a more feasible 
method for the measurement of HIFU fields. It can provide accurate results with fine 
spatial and temporal resolutions, and with scanning equipment the, distribution of acoustic 
fields can be acquired efficiently in routine measurements. 
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